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Nanosistemi predstavljajo danes zelo aktualno področje raziskav, saj omogočajo 
vnos tako nizko kot visokomolekularnih učinkovin, kot so proteini in geni v organizem. 
Izbiro ustreznega nanodostavnega sistema in metode njegove izdelave pogojujejo 
predvsem lastnosti učinkovine. Namen našega raziskovalnega dela je bil pripraviti in 
ovrednotiti nanosuspenzije in polimerne nanodelce za vnos težko topnih učinkovin v 
organizem ter oblikovati imunonanodelce za ciljano dostavo proteinskih učinkovin v 
tumorske celice. 
 Razvili smo emulzijsko-difuzijsko metodo in metodo emulgiranja taline za 
izdelavo nanosuspenzij ibuprofena kot modelne težko topne učinkovine. Z nadzorom 
tehnoloških parametrov smo pripravili nanosuspenzije s povprečno velikostjo delcev od 
70 do 450 nm. S primerjavo raztapljanja vzorcev smo dokazali povečano hitrost 
raztapljanja nanosuspenzije v primerjavi z mikronizirano učinkovino.  
V raziskave smo vključili dve novi, težko topni učinkovini, ki sta inhibitorja 17β-
hidroksisteroid dehidrogenaze tipa 1 in potencialni učinkovini za zdravljenje raka, saj 
povečana aktivnost omenjenega encima povzroči povečano proliferacijo celic dojke, kar 
povzroči nastanek in napredovanje raka. Sami učinkovini v raztopini oz. suspenziji v in 
vitro testih nista izkazovali biološkega učinka; poleg tega je bila stabilnost učinkovin v 
vodnem mediju majhna. Po vgrajevanju učinkovin v nanodelce iz poli(ε-kaprolaktona) in 
testiranju na celični liniji T-47D, ki izraža tarčni encim, smo ugotovili zmanjšano 
proliferacijo in spremenjeno morfologijo celic, kar je bil odraz biološkega učinka vgrajenih 
inhibitorjev. Ti rezultati kažejo, da lahko z oblikovanjem nanodelcev pripravimo 
terapevtsko uporabno farmacevtsko obliko za vnos težko topne učinkovine, ki sama v 
dovolj veliki koncentraciji ne doseže mesta delovanja in zato ne sproži farmakološkega 
učinka. 
 Aktivno ciljanje tumorskih celic je cilj razvoja novih farmacevtskih oblik za 
zdravljenje raka, saj na tak način povečamo učinkovitost zdravljenja in hkrati zmanjšamo 
stranske učinke. Z dvojno emulzijsko-difuzijsko metodo smo izdelali nanodelce iz 
kopolimera mlečne in glikolne kisline in vanje vgradili modelno proteinsko učinkovino tj. 
kokošji cistatin, ki je inhibitor cisteinskih proteaz. Na površino nanodelcev smo z 
adsorpcijo ali kovalentno vezali monoklonsko protitelo CDI 315, ki prepozna specifični 
antigen na površini celic raka dojke. Ugotovili smo, da je ustreza metoda izdelave 
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imunonanodelcev le z adsorpcijo, saj je vgrajeni protein ohranil biološko aktivnost, 
protitelo pa sposobnost prepoznavanja in vezave na tarčni antigen. V kokulturi celic raka 
dojke MCF-10A neoT s celicami Caco-2 ali z diferenciranimi celicami U-937 so 
imunonanodelci selektivno vstopili le v tarčne celic in povzročili inhibicijo znotrajcelične 
proteolizne aktivnosti. S temi rezultati smo potrdili uspešnost aktivnega ciljanja 
tumorskih celic in selektivnega vnosa biološko aktivne proteinske učinkovine z 
imunonanodelci. 
 Na podlagi rezultatov lahko zaključimo, da z oblikovanjem nanosuspenzij 
povečamo hitrost raztapljanja in tako biološko uporabnost težko topnih učinkovin. V 
določenih primerih pa to ni dovolj, da bi dosegli biološki učinek, kar velja zlasti za 
učinkovine, ki so nestabilne v fiziološkem okolju. V takšnih primerih smo dokazali, da je 
ustrezen pristop oblikovanje nanodelcev, kjer ogrodje ščiti vgrajeno učinkovino pred 
vplivi okolja in hkrati nadzorovano sprošča učinkovino na mestu delovanja. Z vezavo 
specifičnih monoklonskih protiteles na nanodelce smo dosegli aktivno ciljanje na celičnem 
nivoju tj. selektivni vstop imunonanodelcev in dostavo proteinske učinkovine do ciljnega 
mesta, kar prepreči pojav stranskih učinkov, ki so rezultat delovanja učinkovine na 
zdrave celice.  
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Abstract 
Nanosystems represent a very promising research area nowadays, since they 
enable delivery of high and low molecular weight drugs into the body, such as proteins 
and genes. The choice of a suitable nanodelivery system and preparation method mainly 
depends on drug properties. The aim of our research work was to prepare and evaluate 
nanosuspensions and polymeric nanoparticles for delivery of poorly soluble drugs into 
the body and to formulate immuno-nanoparticles for targeted delivery of protein drug 
into tumour cells.  
Emulsion diffusion method and melt emulsification method were developed for 
preparation of nanosuspensions with ibuprofen as a model drug. Control of technological 
parameters allowed formulation of nanosuspensions with mean particle size ranging from 
70 to 450 nm. Increased dissolution rate was confirmed for nanosuspesion compared to 
the dissolution of the micronized drug.  
Two new poorly soluble drugs with potential anticancer activity were included in 
our research. The drugs are inhibitors of type 1 17β-hydroxysteroid dehydrogenase, an 
enzyme which is involved in increased breast cell proliferation and therefore 
development and progression of cancer. The suspension of the inhibitors did not exert 
any biological effect in vitro. Besides that, stability of inhibitors in aqueous medium was 
low. Evaluation of formulated poly(ε-caprolactone) nanoparticles on T-47D cell line, 
which expresses target enzyme, showed reduced cell proliferation and changes in cell 
morphology due to biological effect of incorporated inhibitors. Poorly soluble drugs do 
not reach the site of action in concentration high enough to exert pharmacological effect, 
however, these results show that we can prepare therapeutically useful dosage form of 
poorly soluble drugs using nanoparticle formulation. 
The aim of development of new dosage forms for cancer treatment is active 
targeting of tumour cells, because this can lead to increased treatment effectiveness and 
reduced side effects. Cystatin is an inhibitor of cysteine proteases and was chosen as our 
model protein drug. Poly(lactide-co-glycolide) nanoparticles with incorporated cystatin 
were formulated using double emulsion solvent diffusion method. Monoclonal antibody, 
which recognizes specific antigen on breast tumour cells, was bound by adsorption or 
covalently to the nanoparticle surface. Only adsorption was suitable for binding of 
monoclonal antibody, since biological activity of incorporated protein as well as 
recognition and binding properties of adsorbed antibody were preserved. In co-culture of 
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MCF-10A neoT breast cancer cells and Caco-2 cells or differentiated U-937 cells immuno-
nanoparticles selectively entered target MCF-10A neoT cells and caused inhibition of 
intracellular proteolytic activity in those cells. With these results successful active 
targeting of tumor cells and selective delivery of biologically active protein drug using 
immuno-nanoparticles was confirmed.  
Based on our results it can be concluded that dissolution rate can be increased 
using nanosuspension formulations and consequently increased bioavailability of poorly 
soluble drugs can be expected. Due to instability of some drugs in physiological 
environment increased drug dissolution rate alone is not enough to achieve biological 
effect. For such drugs nanoparticle formulation can provide protection from environment 
and enables controlled drug release at the site of action as shown in our work. Active 
targeting on cellular level was achieved with specific monoclonal antibody bound to 
nanoparticles. Active targeting means selective uptake of immuno-nanoparticles and 
delivery of protein drug to target site which can reduce side effects caused by drug action 
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Hiter napredek na področju celične in molekularne biologije nam omogoča boljše 
razumevanje patofiziologije številnih bolezni, hkrati pa razkriva vrsto novih potencialnih 
tarčnih mest za delovanje učinkovin na celičnem in molekularnem nivoju. Povezava 
visoko zmogljivih tehnik in kombinatorne kemije z biologijo je prinesla eksplozivno rast 
števila novih potencialnih učinkovin, ki delujejo na novo odkrita tarčna mesta. Pogosto pa 
predstavljajo kompleksnost potencialnih učinkovin in/ali majhna vodotopnost ter 
nedostopnost oz. težka dostopnost tarčnih mest v organizmu velike ovire pri dostavi teh 
učinkovin v dovolj veliki koncentraciji na mesto njihovega delovanja. Premagovanje teh 
ovir je velik izziv za razvoj novih dostavnih sistemov [1].  
Dandanes je mnogo truda usmerjenega v razvoj nanosistemov, ki omogočajo vnos 
tako nizko kot tudi visoko molekularnih učinkovin kot so peptidi, proteini in geni [2]. 
Nanodostavni sistemi so koloidno disperzni sistemi, ki so po velikosti manjši od 1 µm in 
se med seboj razlikujejo po zgradbi, lastnostih in namenu uporabe. V literaturi jih 
najdemo pod splošnim izrazom nanodelci. V ožjem pomenu pa izraz nanodelci pomeni 
trdne delce nanometrskih velikosti, ki so zgrajeni iz nosilnega ogrodja in učinkovine 
vključene v ogrodje ali adsorbirane oz. vezane na površino [2]. Nosilno ogrodje 
predstavljajo naravni ali sintezni polimeri ali trdni lipidi. Glede na zgradbo se nanodelci 
delijo na nanosfere (učinkovina je porazdeljena po celotni prostornini delca) in 
nanokapsule (učinkovina se nahaja v jedru, ki ga obdaja ogrodni polimer ali lipid) (slika 
1). Poleg nanodelcev so koloidnih dostavnih sistemi tudi liposomi, polimernih miceli, 
mikroemulzije, dendrimeri, fulereni, ogljikove nanocevke, itd. (slika 1) [3-5]. Kadar 
nanodostavni sistem predstavljajo delci same učinkovine nanometrskih velikosti, 
govorimo o nanosuspenzijah [6].  
 
      
Slika 1: Različne vrste nanodostavnih sistemov. 
 
Nanodostavni sistemi so primerni za različne načine dajanja: peroralno, 
parenteralno, dermalno, okularno, oralno, idr. Z njimi lahko dosežemo povečano biološko 
Uvod                                                                                                            Petra Kocbek: Doktorska disertacija 
 8 
uporabnost, modificirano sproščanje učinkovin, povečano stabilnost in zmanjšano 
imunogenost vgrajenih učinkovin, ciljan vnos učinkovin v tarčne celice ali tkiva, 
odzivanje sistema na razne fiziološke dražljaje in združevanje spojin za diagnosticiranje in 
zdravljenje v enem sistemu [2, 7]. Izbor ustreznega sistema pogojujejo mesto delovanja 
vgrajene učinkovine, mesto vnosa ter lastnosti učinkovine in nosilca.  
Z različnimi materiali in tehnologijami oblikovanja lahko izdelamo sistem z 
želenimi lastnostmi. Pripravimo lahko nanodostavni sistem s spremenjenimi površinskimi 
lastnostmi oz. različnimi funkcionalnimi skupinami na površini, na primer z vezavo 
ligandov dosežemo podaljšan čas zadrževanja takšnega sistema v krvnem obtoku in/ali 
ciljanje specifičnih celic ali tkiv v organizmu.  
 
 
1   Nanosuspenzije kot dostavni sistem za vnos težko topnih učinkovin 
 
Majhna topnost v vodi predstavlja že od nekdaj velik problem v razvoju 
farmacevtskih oblik, saj pomembno  vpliva na biološko uporabnost. Biološka uporabnost 
težko topnih učinkovin je na splošno zelo majhna, ne glede na način dajanja. Vzrok sta 
premajhna topnost in hitrost raztapljanja ter z njima povezana nepredvidljiva in 
nepopolna absorpcija. Povečanje vodotopnosti in hitrosti raztapljanja težko topnih 
učinkovin predstavlja velik izziv na področju razvoja novih farmacevtskih oblik, saj so 
številne znane in mnoge na novo sintetizirane učinkovine v vodi težko topne (okrog 40 
%), zato jih zaradi majhne biološke uporabnosti pogosto opustijo ali zavržejo že v 
zgodnjih fazah razvoja [6, 8, 9]. Največje težave v razvoju primerne farmacevtske oblike 
predstavljajo učinkovine, ki so težko topne tako v vodnem kot v organskem mediju [10]. 
Izjeme med učinkovinami, ki kljub majhni vodotopnosti v krvi dosežejo dovolj veliko 
koncentracijo, predstavljajo visoko učinkovite spojine za katere je značilno, da je za 
terapevtski učinek zadostna že majhna koncentracija [10]. 
Za povečevanje topnosti in hitrosti raztapljanja poznamo vrsto različnih 
tehnoloških pristopov kot so mikronizacija, priprava trdnih disperzij, amorfov, priprava 
soli učinkovin, solubilizacija s površinsko aktivnimi snovmi, uporaba sotopil, vgrajevanje 
učinkovin v inkluzijske komplekse s ciklodekstrini ali v različne nosilne sisteme kot so 
liposomi, miceli, nanodelci, mikroemulzije, samomikroemulgirajoči sistemi in drugi 
koloidni nosilci učinkovin [9, 11]. Za povečevanje topnosti je na voljo tudi kemijska 
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modifikacija učinkovin in priprava predzdravil, ki so bolje topna in v telesu prehajajo v 
aktivno obliko. S temi pristopi običajno le delno povečamo biološko uporabnost težko 
topnih učinkovin na kar kaže tudi dejstvo, da je na tržišču prisotno le majhno število 
zdravil, ki so izdelana s sodobnimi tehnologijami povečevanja topnosti in hitrosti 
raztapljanja. Idealna rešitev bi bil univerzalni tehnološki postopek s katerim bi lahko 
zagotovili ustrezno vodotopnost katere koli učinkovine. Sodoben in obetaven tehnološki 
pristop za povečevanje topnosti in hitrosti raztapljanja predstavlja oblikovanje 
nanosuspenzij. 
Nanosuspenzije so koloidno disperzni sistemi delcev same učinkovine 
nanometrskih velikosti (1-1000 nm) v tekočem mediju [12]. Predstavljajo alternativo 
uveljavljenim tehnološkim pristopom pri oblikovanju težko topnih zdravilnih učinkovin, 
katerih topnost je manjša od 200 µg/ml. V literaturi zasledimo takšne sisteme pod 
različnimi imeni: hidrosoli (Hydrosols), nanokristali (NanoCrystals®, Nanopure®) in 
nanosuspenzije (DissoCubes®) [13].  
 
1.1 Prednosti nanosuspenzij 
 
Bistvene prednosti nanosuspenzij pred tradicionalnimi farmacevtskimi oblikami so: 
• povečanje topnosti, 
• povečanje hitrosti raztapljanja in 
• adhezivne lastnosti delcev nanometrskih velikosti [13]. 
 
Povečanje  topnosti 
Z zmanjšanjem velikosti delcev iz mikro v nanodelce dosežemo poleg povečanja 
površine hkrati tudi povečanje topnosti (cs). Topnost običajno obravnavamo kot vpliv 
lastnosti molekul topljenca na mrežno energijo kristala in interakcije posameznih molekul 
topljenca s topilom. Torej na topnost določene snovi vplivajo tako interakcije topljenec-
topljenec, topilo-topilo kot tudi interakcije topljenec-topilo. Pri spojinah z majhno 
topnostjo imajo v procesu raztapljanja odločilno vlogo lastnosti kristala [14]. Vzrok 
majhne topnosti v vodi je omejena sposobnost snovi za tvorbo vodikovih vezi z 
molekulami vode (hidrofobnost) ali pa težave pri prekinjanju vezi med molekulami v 
trdni snovi (velika mrežna energija). Da izboljšamo topnost snovi v vodi, moramo 
spremeniti strukturo trdne snovi tako, da zmanjšamo mrežno energijo, ali pa moramo 
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spremeniti lastnosti topila [6]. Prav pri izbiri slednjega smo pri oblikovanju zdravil 
omejeni z naborom farmakopejsko dovoljenih topil. 
Topnost praškov z velikostjo delcev večjo od 1 µm v določenem topilu je za 
določeno snov specifična konstanta, ki je odvisna le od temperature. Kadar obstaja 
učinkovina v več polimorfnih oblikah, je topnost odvisna tudi od strukture polimorfa v 
kateri se učinkovina nahaja, kar pomeni, da je topnost največja za polimorfno obliko z 
najvišjo energijo in najnižjim tališčem. Razlike v topnosti in hitrosti raztapljanja različnih 
polimorfnih modifikacij so posledica različne urejenosti molekul v kristalni strukturi [10].  
Odvisnost topnosti od velikosti delcev pride do izraza šele, kadar so delci manjši 
od 1 µm tj. kadar zmanjšamo delce na tako majhno velikost, da je razmerje med površino 
delcev in prostornino veliko (slika 2). Pri večini prahov v farmaciji, ki jih pridobivamo s 
klasičnimi postopki, so delci znatno večji od  1 µm, zato velikost delcev nima bistvenega 
vpliva na topnost. Drugače pa je v nanosuspenzijah [6, 10, 14]. 
 
 
Slika 2: Shematski prikaz povečevanja površine z zmanjševanjem velikosti delcev. 
 
Molekule topljenca v površinski plasti so v posebno visokem energijskem stanju, 
ki se razlikuje od energije molekul v notranjosti delca oz. v kristalu, kjer molekule čutijo 
privlak sosednjih molekul, s katerimi so obdane z vseh strani. Podobno kot na površini 
tekočine imajo tudi te molekule na površini trdne snovi višjo prosto energijo kot v 
notranjosti delca [14]. Med procesom zmanjševanja velikosti delcev pridejo hidrofobne 
površine iz notranjosti delcev na površino tj. v stik z disperznim medijem. V skladu z 
Ostwald-Freundlichovo enačbo je topnost cs odvisna od medfazne napetosti in posledično 
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od medfazne energije. Razlike v medfazni prosti energiji odločilno vplivajo na razlike v 
topnosti polimorfnih modifikacij učinkovine [9]. Splošno je znano, da imajo učinkovine v 
amorfnem stanju večjo topnost kot njihove kristalne oblike [15]. Če nam v procesu 
izdelave nanosuspenzij uspe pretvoriti del ali vso učinkovino iz kristalnega v amorfno 
stanje, se s tem topnost še dodatno poveča.  
Povečanje topnosti nanodelcev lahko razložimo s Kelvinovo in Ostwald-
Freundlichovo enačbo. Tlak raztapljanja se zaradi močne ukrivljenosti površine delcev 
poveča, kar vodi v povečanje topnosti cs (slika 3). 
 
   
Slika 3: Povečanje t.i. tlaka raztapljanja kot posledica povečane ukrivljenosti manjših delcev; ∆p – tlak 
raztapljanja, r – polmer delcev, CM – koncentracija nasičene raztopine mikrodelcev, CN – koncentracija 
nasičene raztopine nanodelcev. 
 















  Enačba 1 
c1, c2 – topnost delcev s polmerom r1 oz. r2  v vodnem mediju [g·ml-1]  
γsl – medfazna napetost [Nm-1] 
Vm – molarni volumen  [l·mol-1] 
R – splošna plinska konstanta [lmol-1K-1] 




∆p ≈ 1/r CM < CN 
ravna površina večji delec 
(majhna ukrivljenost) 
delec nm velikosti 
(večja ukrivljenost) 
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Povečanje hitrosti raztapljanja 
Hitrost raztapljanja tradicionalno povečamo tako, da povečamo površino delcev 
npr. z mikronizacijo. Velikost delcev praškaste učinkovine (običajno je v območju 20–100 
µm) se v procesu mikronizacije zmanjša na velikost v območju 1–10 µm. Številne na novo 
sintetizirane učinkovine imajo tako majhno topnost (in s topnostjo povezano hitrost 
raztapljanja), da takšno povečanje površine delcev ne zadostuje, da bi dosegli zadovoljivo 
hitrost raztapljanja, ki bi zagotavljala terapevtske koncentracije učinkovine v krvi. Novejši 
tehnološki pristopi tako omogočajo še nadaljnje zmanjševanje delcev tj. zmanjševanje 
mikrodelcev v nanodelce učinkovine. Nanodelci učinkovine so velikosti 10–1000 nm; 
večina pristopov pa daje delcev s povprečno velikostjo med 200 in 400 nm. 









s −⋅⋅=   Enačba 2 
dc/dt – hitrost raztapljanja delcev učinkovine [moll-1s-1]  
D – difuzijski koeficient učinkovine v raztopini [cm2s -1] 
A – površina delcev [cm2] 
h – debelina difuznega sloja [cm]  
V – prostornina [l] 
cs – topnost učinkovine [moll-1] 
c – koncentracija učinkovine v okolnem mediju [moll-1]  
 
Iz Prandtlove enačbe (enačba 3) sledi, da je difuzijska razdalja h pri delcih 
nanometrskih velikosti zaradi večje ukrivljenosti površine manjša. Sočasno povečanje 
topnosti cs in zmanjšanje difuzijske razdalje h vodi v povečanje koncentracijskega 
gradienta (cs-c)/h, kar poleg večje specifične površine manjših delcev še dodatno prispeva 





kh ⋅=   Enačba 3  
h – difuzijska razdalja 
L – dolžina površine v smeri toka 
v – relativna hitrost medija 
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Povečanje adhezivnosti 
Tretja značilnost nanodelcev je močno povečana adhezivnost majhnih delcev v 
primerjavi z grobimi delci, kar lahko poenostavljeno razložimo, če upoštevamo, da se 
zaradi večje stične površine izboljšajo medsebojne interakcije med delci in stičnimi 
površinami. Delci učinkovine nanometrskih velikosti imajo boljše adhezivne lastnosti, 
zato ostanejo daljši čas v stiku s steno GIT, kar lahko poveča biološko uporabnost težko 
topnih učinkovin po peroralnem dajanju. Čas stika pa lahko še dodatno podaljšamo s 
kombinacijo z mukoadhezivnimi polimeri (npr. hitosan, polikarbofil) [17]. Povečana 
adhezivnost pa ima lahko v določenih primerih tudi neugodne stranske učinke, saj lahko 
povzroči npr. nastanek razjed na sluznici. Prav tako pa lahko vpliva na stabilnost samega 
pripravka po izdelavi. 
 
1.2 Stabilnost nanosuspenzij 
 
Nanosuspenzije morajo imeti ustrezno fizikalno, kemijsko in mikrobiološko 
stabilnost, da so primerne za farmacevtsko uporabo. Na fizikalno stabilnost odločilno 
vpliva tako velikost delcev in njihova porazdelitev v disperznem mediju kot tudi oblika in 
kristalna struktura delcev. Kriterij za fizikalno stabilnost je odsotnost aglomeracije in 
zanemarljiva rast delcev.  
Dolgoročna stabilizacija nanosuspenzij pomeni bitko s termodinamiko 
metastabilnega disperznega sistema. Da dobimo fizikalno stabilno nanosuspenzijo, 
moramo znižati veliko površinsko energijo nanometrskih delcev. Na nivoju nanodelcev so 
pomembne privlačne van der Waalsove ali disperzijske sile med delci. Te privlačne sile se 
močno povečajo, ko se delca močno približata. Rezultat je ireverzibilna agregacija delcev, 
čemur se lahko izognemo, če v sistem uvedemo odbojne sile [18]. Za stabilizacijo 
nanosuspenzij uporabljamo različne površinsko aktivne snovi in polimere, ki z 
elektrostatskim in/ali steričnim učinkom preprečujejo agregacijo in rast delcev. Sterično 
stabilizacijo dosežemo z adsorpcijo polimerov na površino delcev. Ko se tako stabilizirana 
delca približata, naraste osmotski tlak v območju med delcema zaradi približanja oz. 
prepletanja slojev adsorbiranega stabilizatorja, kar prepreči nadaljnje približevanje in 
združevanje delcev. Elektrostatsko stabilizacijo dosežemo z adsorpcijo nabitih molekul, ki 
so lahko ionske površinsko aktivne snovi ali nabiti polimeri, na površino delcev. 
Elektrostatski odboj enako nabitih delcev predstavlja energetsko bariero, ki prepreči 
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združevanje delcev. Sama sterična stabilizacija je dovolj, da preprečimo ireverzibilno 
agregiranje delcev, še vedno pa je lahko delovanje privlačnih sil dovolj močno, da pride 
do šibkega reverzibilnega združevanja delcev tj. flokulacije. Flokulaciji se lahko izognemo 
s kombiniranjem sterične in elektrostatske stabilizacije [18]. 
Kadar je nanosuspenzija stabilizirana le z elektrostatskimi odbojnimi silami, mora 
biti absolutna vrednost zeta potenciala večja od 30 mV, da je nanosuspenzija stabilna [10]. 
Za stabilnost nanosuspenzij stabiliziranih z elektrostatskim in steričnim učinkom pa 
zadostuje že zeta potencial ± 20 mV [9].  
Izbira optimalnega stabilizatorja za določeno nanosuspenzijo temelji na empiričnih 
podatkih. Za stabilizacijo nanosuspenzij se uporabljajo naslednji stabilizatorji: lecitin [19, 
20], natrijev dodecilsulfat (SDS) [21, 22],  Tween 80 [20, 23], Poloxamer 188 [12, 23], 
Poloxamer 407 [24], natrijev glikoholat in nizkomolekularni polivinilpirolidon (PVP) [21, 
25]. Molekulska masa polimerov, ki se uporabljajo za stabilizacijo nanosuspenzij, je 
običajno od 50 do 100 kDa. Polimerna veriga mora biti dovolj dolga, da tvori sterično 
bariero na površini delcev, a ne predolga, da ne upočasni hitrosti raztapljanja delcev [18].  
 Za stabilnost izdelanih nanosuspenzij je ključnega pomena tudi količina 
uporabljenih stabilizatorjev. Običajno dobimo stabilno nanosuspenzijo, če je masno 
razmerje med učinkovino in stabilizatorjem 20:1 do 2:1 [26]. Kadar je količina uporabljenih 
stabilizatorjev premajhna, pride do agregacije ali aglomeracije delcev; preveč 
stabilizatorjev pa povzroči Ostwaldovo rast delcev. Same površinsko aktivne snovi, ki 
težijo k tvorbi micelov, niso primerne za stabilizacijo nanosuspenzij, ker povečajo topnost 
učinkovine in s tem pospešijo Ostwaldovo rast [10]. 
V nanosuspenzijah je običajno obseg Ostwaldove rasti delcev majhen, kar lahko 
razložimo z relativno homogeno velikostjo delcev v disperziji in zelo majhno topnostjo 
same učinkovine.  
Če nanosuspenzije po izdelavi niso stabilne, jih lahko pretvorimo v stabilno stanje 
z različnimi tehnologijami sušenja. S sušenjem dobimo fizikalno in mikrobiološko stabilen 
produkt [18]. Za sušenje so zaželene nanosuspenzije z visoko vsebnostjo učinkovine (>> 
10 %), da se izognemo odstranjevanju velikih količin disperznega medija [27]. 
Nanosuspenzije lahko pretvorimo v praškasto obliko s sušenjem z razprševanjem, z 
liofilizacijo ali s tehnologijo zvrtinčenih plasti. Pred sušenjem moramo v nanosuspenziji 
raztopiti pomožne snovi, ki preprečijo agregiranje in rast delcev med procesom sušenja ali 
delujejo kot krio in lioprotektanti pri liofilizaciji ter omogočijo redispergiranje suhega 
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produkta. V ta namen se običajno uporabljajo različni sladkorji kot so saharoza, laktoza, 
manitol, trehaloza [10, 18, 28].    
 
1.3 Načini izdelave nanosuspenzij 
 
Znanih je več metod izdelave nanosuspenzij s katerimi so v raziskavah številne 
težko topne učinkovine uspešno oblikovali v nanosuspenzije (tabela 1). 
 
Obarjanje raztopljene učinkovine v netopilo 
Hidrosole pripravljamo z asociacijo molekul v koloidne delce pri mešanju 
raztopine učinkovine z netopilom. Pri tem mora biti učinkovina topna v določenem 
topilu, ki se meša z drugim topilom npr. vodo, v katerem učinkovina ni topna. S to 
metodo ne moremo izdelati nanosuspenzij učinkovin, ki niso topne niti v vodi, niti v 
organskih topilih. Priprava nanodelcev učinkovine z obarjanjem je dokaj enostavna, 
mnogo bolj zahtevna in težavna pa je stabilizacija nastalih delcev. Če v nanosuspenziji 
niso vsi delci enake velikosti, pride do pojava Ostwaldove rasti. Ostwaldova rast je proces 
rasti večjih delcev na račun manjših, ki je posledica razlik v (lokalni) topnosti med 
majhnimi in velikimi delci. To pa s časom vodi v povečanje povprečne velikosti delcev 
[21].  
Velikost nastalih delcev učinkovine pri obarjanju je obratno sorazmerna s 
topnostjo učinkovine v mediju za obarjanje. V raziskavah so dokazali, da so za pripravo 
hidrosolov primerne le tiste učinkovine, katerih topnost v vodi je manjša od 10-3-10-4 
mol/l [10]. Relativno enako velikost delcev v nanosuspenziji lahko dosežemo, če se nam 
pri obarjanju posreči v trenutku tako porazdeliti raztopino učinkovine v mediju za 
obarjanje, da se vsi delci skoraj istočasno oborijo [28]. Z ustreznim nadzorom procesa 
obarjanja lahko pripravimo nanosuspenzijo učinkovine v kristalnem ali amorfnem stanju 
(NanoMorph®) [29]. 
V laboratorijskem merilu lahko hidrosole pripravimo enostavno s hitrim mešanjem  (npr. 
injiciranjem) raztopine učinkovine v acetonu v ustrezen volumen vode v prisotnosti 
ustreznih stabilizatorjev [28].  V literaturi zasledimo več metod za pripravo hidrosolov, 
kjer je osnova dvofazni sistem kot so emulzije ali mikroemulzije [19, 20, 30, 31]. Obarjanje 
učinkovine in nastanek nanosuspenzije iz emulzije tipa o/v, kjer notranjo fazo predstavlja 
organsko topilo z nizkim vreliščem, ki se ne meša z vodo, lahko  dosežemo z 
 
 
Tabela 1: Pregled nekaterih težko topnih učinkovin, ki so jih v raziskavah že uspešno oblikovali v nanosuspenzije. 
Učinkovina Farmakološko delovanje Postopek Literaturni vir 
Afidikolin Antibiotik Homogeniziranje pod visokim 
tlakom 
[51] 
Amfotericin B Antimikotik Homogeniziranje pod visokim 
tlakom  
[23] 
Atovakvon Antimalarik Homogeniziranje pod visokim 
tlakom  
[52] 
Azitromicin Antibiotik Homogeniziranje pod visokim 
tlakom  
[53] 
AZ68 Antagonist neurokininskih 
receptorjev – zdravljenje shizofrenije 
Obarjanje iz raztopine 
Mokro mletje v krogličnem mlinu 
[22] 
Budezonid Antiastmatik Homogeniziranje pod visokim 
tlakom  
[17] 
Buparvakvon Antimalarik Homogeniziranje pod visokim 
tlakom  
[8, 17, 54] 
Ciklosporin A Imunosupresiv EPAS [55] 
Danazol Inhibitor gonadotropina Mokro mletje 
Kontinuirano obarjanje 
[36] 
Fenofibrat Antihiperlipemik Homogeniziranje pod visokim 
tlakom 
[56] 
Grizeofulvin Antimikotik Obarjanje iz mikroemulzije [31] 
Hidrokortizon, 
prednizolon, deksametazon 
Glukokortikoidi za zdravljenje vnetij 
očesne veznice 
Homogeniziranje pod visokim 
tlakom 
[49] 
Hidrokortizon acetate Glukokortikoid za zdravljenje vnetij Sušenje z razprševanjem, ki mu 
sledi homogeniziranje pod visokim 
tlakom 
[35] 







Itrakonazol Antimikotik Obarjanje, ki mu sledi 
homogeniziranje pod visokim 
tlakom 
[58] 
Klofazimin Tuberkulostatik Homogeniziranje pod visokim 
tlakom 
[59] 
Mitotan Citostatik Obarjanje [20] 
Naproksen Nesteroidna protivnetna učinkovina Mokro mletje [24] 
Nimesulid Nesteroidna protivnetna učinkovina  Obarjanje v mikroemulziji [30] 
Nimodipin Preprečevanje cerebralnega 
vazospazma in posledične ishemije 
Homogeniziranje pod visokim 
tlakom 
[50] 
Omeprazol Zaviralec protonske črpalke Homogeniziranje pod visokim 
tlakom 
[12] 
Oridonin Citostatik Homogeniziranje pod visokim 
tlakom 
[60] 
Paklitaksel Citostatik Mokro mletje [26] 
Terapizid Antagonist holecistokininskega 
receptorja A (CCKa) 
Homogeniziranje pod visokim 
tlakom 
[34] 
Tetraciklin Antibiotik SAS [61] 
ucb-35440-3 Zdravljenje astme in alergičnega 
rinitisa 
Homogeniziranje pod visokim 
tlakom 
[62] 
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odparevanjem topila notranje faze [19]. Kadar pa uporabljamo organsko topilo, ki se 
delno meša z vodo, dosežemo obarjanje učinkovine iz emulzije tipa o/v z metodo 
razredčevanja [20].  
Novejša tehnologija izdelave delcev težko topne učinkovine nano- oz. 
mikrometrskih velikosti prekritih s hidrofilnim stabilizatorjem, ki pospeši hitrost 
raztapljanja učinkovine, je obarjanje učinkovine v vodno raztopino z odparevanjem topila 
(»Evaporative Precipitation into Aqueous Solutions«, EPAS). Učinkovino najprej 
raztopimo v organskem topilu z nizkim vreliščem (npr. diklormetan) in nato raztopino 
črpamo skozi cev, kjer se pri povečanem tlaku segreje nad temperaturo vrelišča 
organskega topila, ter jo skozi fino šobo razpršujemo v segreto vodno fazo. Hitro 
odparevanje organskega topila povzroči prenasičenje in obarjanje učinkovine [19]. 
Slabost izdelave nanosuspenzij s postopkom obarjanja je uporaba organskih topil, 
ki jih moramo popolnoma odstraniti iz izdelane nanosuspenzije, saj lahko zaostanki 
povzročijo nevarne stranske učinke. Kljub številnim objavam v literaturi o možnostih 
izdelave nanosuspenzij z obarjanjem, do danes še ni na tržišču niti enega izdelka, ki bi 
vseboval nanosuspenzijo učinkovine izdelano s to metodo [29]. 
  
Mokro mletje v krogličnem mlinu 
Z mokrim mletjem uprašene učinkovine s krogličnimi mlini dobimo nanokristale 
(tehnologija NanoCrystals®). Do zmanjšanja velikosti delcev pride zaradi delovanja 
strižnih sil in trkov. Sam postopek mletja poteka tako, da pripravimo suspenzijo 
učinkovine v vodni raztopini stabilizatorja in jo nato prenesemo v mlin, kjer poteka mletje 
v prisotnosti kroglic. Najpogosteje uporabljajo kroglice iz stekla, iz nerjavečega jekla, iz 
cirkonijevega oksida ali kroglice prekrite z visoko premreženo polistirensko smolo. 
Velikost kroglic ima pomemben vpliv na učinkovitost mletja. Manjše kot so kroglice, večje 
je število stičnih mest in bolj učinkovito je mletje; torej končni rezultat so manjši delci. 
Učinek mletja je odvisen od številnih dejavnikov: od materiala in velikosti kroglic, deleža 
kroglic in suspenzije v mlinu, hitrosti in časa mletja, odvisen pa je seveda tudi od 
učinkovine in izbranega stabilizatorja. Z mletjem v krogličnem mlinu dobimo relativno 
velik delež delcev v nanometrskem območju oz. velik izkoristek. Slabost tega postopka 
mletja je, da je postopek nekontinuiran in lahko traja več dni, pride pa lahko tudi do 
adhezije produkta na veliko notranjo površino mlina (tj. na površino same komore za 
mletje in na površino uporabljenih kroglic) in do obrabe kroglic, kar je lahko vir nečistot v 
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produktu [10, 14]. V poskusih je trajalo mletje v krogličnem mlinu 4 dni, da so dobili delce 
manjše od 400 nm. Na splošno pride do znatnega zmanjšanja velikosti delcev v prvih 24 
urah. Nadaljnji učinek mletja je odvisen od vrste učinkovine in uporabljenega 
stabilizatorja [14].  
Na tržišču so že štiri zdravila, ki so izdelana z uporabo tehnologije Nanocrystals® 
(tabela 2), več kot 70 različnih učinkovin pa je še na različnih stopnjah v razvoju ([18], 
www.elan.com). 
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Homogeniziranje pod visokim tlakom 
Na uporabi homogeniziranja pod visokim tlakom temeljita tehnologiji 
DissoCubes® in Nanopure®, ki se med seboj razlikujeta v mediju, kjer poteka 
homogeniziranje. 
 
a.) Homogeniziranje pod visokim tlakom v vodi (DissoCubes®) 
S tehnologijo homogeniziranja pod visokim tlakom v vodi pri sobni temperaturi 
dobimo nanosuspenzije (DissoCubes®). Do zmanjševanja velikosti delcev v procesu 
homogeniziranja pod visokim tlakom pride zaradi delovanja kavitacijskih in strižnih sil 
ter zaradi trkov delcev v disperziji. Učinkovino v obliki prahu dispergiramo v vodni 
raztopini površinsko aktivne snovi z mešalom visoke hitrosti. Priporočljivo je, da je 
velikost delcev vhodne učinkovine čim manjša. Najbolje je, če je učinkovina predhodno 
mikronizirana. Če nimamo predhodno mikronizirane učinkovine, najprej pri nižjih tlakih 
zmanjšamo velikost delcev v suspenziji in nato suspenzijo homogeniziramo pod visokim 
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tlakom. Za učinkovito zmanjšanje velikosti delcev je potreben vnos velikih količin 
energije. Pri prehodu suspenzije  iz cilindra v režo se premer močno zmanjša (npr. iz 3,0 
cm na 25 µm), zato se hitrost toka suspenzije močno poveča. V skladu z Bernulijevo 
enačbo se dinamični tlak poveča, sočasno pa se zmanjša statični tlak (slika 4). Ker se v reži 
statični tlak zniža pod tlak vrelišča vode pri sobni temperaturi, začne voda vreti. Nastajajo 
mehurčki vodne pare, ki implodirajo, ko suspenzija zapusti režo in pride v območje 
normalnega zračnega tlaka. Ta pojav imenujemo kavitacija. Pri imploziji mehurčkov se v 
disperziji pojavijo visokoenergijska območja, kjer temperatura naraste do 5000 °C. 
Akustični valovi, ki se pri tem pojavijo, povzročijo trke in razbitje delcev (slika 5) [6]. Med 
homogeniziranjem se suspenzija tudi segreje. Z uporabo plaščev za termostatiranje 
homogenizatorja, ki omogočajo nadzor temperature in tako homogeniziranje pri znižani 
temperaturi (0 °C ali manj) lahko izdelamo tudi nanosuspenzije učinkovin, ki so 
nestabilne pri povišani temperaturi [32].  
Povprečna velikost delcev v nanometrskem območju, ki jih dobimo s 
homogeniziranjem pod visokim tlakom, je odvisna od tlaka homogeniziranja, števila 
homogenizacijskih ciklov in od trdote same učinkovine. Vrsta in koncentracija 
uporabljenega stabilizatorja ne vplivata na velikost in obliko delcev v nanosuspenziji, 
pomembno pa vplivata na stabilnost pripravka [33].  
 
 
Slika 4: Shematski prikaz tlakov v visokotlačnem homogenizatorju. 
 
Splošno velja, da se z naraščanjem tlaka in števila homogenizacijskih ciklov 
velikost delcev zmanjšuje. Optimalno število homogenizacijskih ciklov, ki je potrebno za 
izdelavo nanosuspenzije določene učinkovine, je odvisno od želene končne velikosti 
delcev. Le-ta pa zavisi od vrste  same učinkovine (terapevtsko področje), predvidenega 
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načina dajanja (peroralno, intravensko, subkutano, intramuskularno, itd.) in želenih 
biofarmacevtskih lastnosti [6, 34]. V večini primerov z enkratnim homogeniziranjem 
suspenzije ne dobimo nanosuspenzije, ampak moramo homogeniziranje ponoviti v več 
ciklih. Običajno je potrebno 10 do 20 homogenizacijskih ciklov [10, 29]. S skrbno izbiro 




Slika 5: Mehanizmi zmanjševanja velikosti delcev v visokotlačnem homogenizatorju. 
 
Pri homogeniziranju pod visokim tlakom pride najprej do loma delcev na 
področjih nepravilnosti v kristalni strukturi učinkovine. Z zmanjševanjem velikosti delcev 
imajo le-ti vse manj napak v strukturi, zato sila, ki je potrebna za nadaljnje zmanjševanje 
velikosti z manjšanjem delcev narašča. Velikost delcev se pri določenem tlaku več ne 
zmanjšuje, ko se sila homogenizatorja izenači s silo interakcij v kristalu. Za vsako 
učinkovino tako obstaja določena minimalna velikost delcev, ki jo lahko dosežemo s 
homogeniziranjem pri določenem tlaku [33].  
Delež učinkovine v nanosuspenziji se lahko giblje od 10 do 20 % ali celo do 40 %, 
kar zavisi od namena uporabe. Za intravensko dajanje so primerni pripravki, ki vsebujejo 
10 % učinkovine ali manj, medtem ko so za nadaljnjo proizvodnjo (npr. granuliranje in 
proizvodnja tablet) primernejše nanosuspenzije z večjo vsebnostjo učinkovine [10].   
V postopku priprave nanosuspenzij lahko pride do spremembe kristalne strukture 
učinkovine tako, da se poveča delež učinkovine v amorfnem stanju ali se učinkovina 
popolnoma pretvori v amorf. Delež učinkovine, ki preide v amorfno stanje med procesom 
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homogeniziranja pod visokim tlakom, je odvisen od tehnoloških parametrov (tlaka 
homogeniziranja, števila homogenizacijskih ciklov), a nanj vpliva tudi trdota same 
učinkovine [10]. 
Prednost tehnologije homogeniziranja pod visokim tlakom je v zelo majhnem 
deležu mikrodelcev v izdelani nanosuspenziji in možnosti uporabe tehnologije za 
kontinuirano proizvodnjo v industrijskem merilu. 
 
b.) Homogeniziranje pod visokim tlakom v nevodnih medijih ali v medijih z zmanjšano 
vsebnostjo vode (Nanopure®) 
Naslednja stopnja v razvoju nanosuspenzij je tako imenovana Nanopure® 
tehnologija, ki temelji na uporabi nevodnih medijev ali medijev z zmanjšano vsebnostjo 
vode (zmesi vode in tekočin, ki se mešajo z vodo). Takšni mediji so različna olja, tekoči 
polietilenglikoli (PEG 400, PEG 600), taline polietilenglikolov (PEG 1000, PEG 6000), zmesi 
vode in glicerola, etanol, itd. Možnost oblikovanja nanosuspenzij v nevodnih medijih je 
pomembna zlasti pri učinkovinah, ki so v vodi nestabilne ali občutljive na povišano 
temperaturo, saj tehnologija omogoča izdelavo tudi pri znižani temperaturi (npr. 0º C) 
[12]. Pri homogeniziranju pod visokim tlakom v medijih z nizkim parnim tlakom 
kavitacijske sile ne igrajo bistvene vloge v procesu zmanjševanja velikosti delcev. 
Turbulentni tok in strižne sile med homogeniziranjem so dovolj močne, da razbijejo delce 
učinkovine do nanometrskih velikosti. Za parenteralno dajanje lahko pripravimo 
nanosuspenzijo v izotonični zmesi vode in glicerola. Zmes vode in etanola je primeren 
medij zlasti, kadar želimo nanosuspenzijo pretvoriti v suh prašek s sušenjem z 
razprševanjem ali s tehnologijo zvrtinčenih plasti (npr. za nadaljnje tabletiranje ali 
polnjenje trdnih želatinskih kapsul), saj je potrebna energija za sušenje manjša kot v 
primeru vodne disperzije [32]. 
 
c.) Homogeniziranje taline učinkovine v vodi 
Metoda emulgiranja taline se že dolgo uporablja za izdelavo trdnih lipidnih 
nanodelcev, mi pa smo to metodo uspešno uporabili za oblikovanje nanosuspenzij 
(Poglavje 1). Metoda je primerna za izdelavo nanosuspenzij učinkovin, ki imajo 
temperaturo tališča nižjo od temperature vrelišča vode. Praškasto učinkovino najprej 
dispergiramo in stalimo v segreti vodni raztopini stabilizatorja pri temperaturi, ki je višja 
od temperature tališča učinkovine. Tako dobimo primarno emulzijo, kjer je notranja faza 
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talina učinkovine, zunanja faza pa vodna raztopina stabilizatorja. To emulzijo nato 
homogeniziramo s homogenizatorjem pod visokim tlakom, da dobimo končno 
nanoemulzijo, ki jo z ohlajanjem pretvorimo v nanosuspenzijo.  
 
Kombinirane tehnologije izdelave nanosuspenzij 
Nanosuspenzije lahko izdelamo tudi s kombinacijo različnih metod npr. s 
kombinacijo obarjanja in homogeniziranja pod visokim tlakom. Nanosuspenzijo izdelamo 
z obarjanjem učinkovine, čemur sledi stopnja homogeniziranja pod visokim tlakom, ki 
dodatno zmanjša in poenoti velikost delcev v nanosuspenziji (Poglavje 1). V raziskavah 
so ugotovili, da se z vnosom velike energije v sistem v drugi stopnji izdelave 
nanosuspenzij vsi delci v nanosuspenzij pretvorijo iz amorfnega ali delno amorfnega 
stanja v stabilno kristalno obliko [33].  
Pri obarjanju lahko dodamo pomožne snovi, ki povečajo število nepravilnosti v 
kristalni strukturi oborjenih delcev. Strukturo učinkovine lahko spremenimo tudi s 
sušenjem z razprševanjem v prisotnosti pomožnih snovi npr. Poloxamera 188 [35]. 
Rezultat je potrebo manjše število homogenizacijskih ciklov za oblikovanje 
nanosuspenzije takšne učinkovine in manjša povprečna velikost delcev v nanosuspenzij. 
Takšna tehnologija izdelave nanosuspenzij je primerna tudi za učinkovine z veliko trdoto. 
Primera takšnih kombiniranih tehnologij sta tehnologiji Nanoedge® in Nanopure® XP [29, 
33].  
 
Drugi pristopi za oblikovanje nanosuspenzij 
Novejši pristopi za oblikovanje nanosuspenzij zajemajo tehnologije s 
superkritičnimi fluidi (»Rapid Expansion from Supercritical  Solutions«, RESS; »Rapid 
Expansion from Supercritical to Aqueous Solutions«, RESAS; »Supercritical Anti-Solvent 
method«, SAS in »Supercritical Anti-Solvent Enhanced Mass transfer method«, SAS-EM). 
Prednosti teh tehnologij so možnost nadzorovanja velikosti in oblike delcev, uporaba 
inertnih plinov kot je CO2, enostaven prenos v industrijsko merilo in prednosti povezane s 
samimi lastnostmi superkritičnih fluidov kot so velika sposobnost difuzije, majhna 
viskoznost, majhna površinska napetost in sposobnost raztapljanja različnih snovi [36]. 
Tehnologija, ki je že uveljavljena za pripravo anorganskih delcev nanometrskih 
velikosti (npr. CaCO3, Al(OH)3, ) in se uvaja tudi pri oblikovanju organskih nanodelcev 
učinkovin, temelji na reaktivnem obarjanju pri visoko gravitacijskem mešanju na 
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molekularnem nivoju. Hitro mikro-mešanje reaktantov povzroči nukleacijo in hkrati 
prepreči rast kristalov. Tako dobimo delce učinkovine nanometrskih velikosti z zelo ozko 
porazdelitvijo velikosti [37].  
 
1.4 Vrednotenje nanosuspenzij 
 
Velikost in porazdelitev velikosti delcev 
Poznavanje velikosti delcev je zelo pomembno, saj so fizikalne, kemične in 
farmakološke lastnosti zdravilnih učinkovin odvisne od velikosti delcev. Velikost delcev v 
določeni farmacevtski obliki vpliva na varnost in učinkovitost ter stabilnost. 
Z merjenjem velikosti delcev vrednotimo njihovo velikost, agregacijo in rast 
kristalov. Za ugotavljanje velikosti delcev obstajajo številne metode, ki se med seboj 
razlikujejo po principu merjenja, merilnem območju, hitrosti analize, potrebni količini 
vzorca in načinu njegove priprave. Osnova metod so različni fizikalni pristopi, ki 
izkoriščajo elektronske, mehanske ali optične pojave. 
Povprečno velikost in porazdelitev velikosti delcev v nanosuspenziji običajno 
ugotavljamo z metodo fotonske korelacijske spektroskopije (PCS), ki omogoča merjenje 
velikosti delcev v območju od 3 nm do 3 µm. Metoda temelji na meritvah fluktuacije 
intenzitete sipane laserske svetlobe, ki je posledica Brownovega gibanja delcev [10]. 
Prednosti PCS metode so enostavna priprava vzorca, hitra meritev in učinkovitost. 
Rezultat PCS meritve je povprečna velikost delcev in širina porazdelitve velikosti delcev. 
Merilo širine porazdelitve je polidisperzni indeks (PI), ki ima lahko vrednosti med 0 in 1. 
Vrednost PI 0 pomeni popolnoma monodisperzno distribucijo, z naraščanjem PI pa je 
distribucija vse bolj polidisperzna [38].  
Z metodo laserske difraktometrije (LD) lahko detektiramo tudi mikrometrske 
delce ali skupke nanodelcev učinkovine. Merilno območje je odvisno od vrste opreme in 
se giblje od 50 nm do 2000 µm [9]. Delci v vzorcu, ki ga osvetlimo z laserskim žarkom, 
povzročijo karakteristični vzorec sipanja laserske svetlobe. Sipano svetlobo zberemo na 
detektorju in iz vzorca sipane svetlobe izračunamo porazdelitev velikosti delcev v vzorcu 
[39]. Rezultate laserske difraktometrije podajamo v obliki premera LD (50 %), LD (90 %), 
LD (95 %) in LD (99 %), kar pomeni, da ima določen odstotek delcev v vzorcu manjši 
premer od podane velikosti npr. vrednost LD (99 %) = 850 nm pomeni, da ima 99 % 
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volumski delež delcev, premer manjši od 850 nm. Prednosti te metode so široko merilno 
območje, hitra izvedba in dobra ponovljivost meritev. 
Velikost, obliko in strukturo površine delcev lahko ugotavljamo tudi z uporabo 
mikroskopskih metod. Prednost mikroskopije je, da nam poda poleg velikosti tudi obliko 
delcev, pomanjkljivost pa je pogosto zahtevna priprava vzorca [14, 40]. 
Uporabljamo predvsem tri vrste mikroskopije:  
• vrstično elektronsko mikroskopijo (»Scanning Electronic Microscopy«, SEM), 
• transmisijsko elektronsko mikroskopijo (»Transmission Electronic Microscopy«, TEM) 
in 
• mikroskopijo na atomsko silo (»Atomic Force Microscopy«, AFM). 
 
SEM omogoča opazovanje topografije in strukture površine vzorcev. Vzorec mora biti 
obstojen v vakuumu in električno prevoden. Pogosto prevodnost vzorca dosežemo tako, 
da na vzorec naparimo tanko plast npr. zlata. V vrstičnem elektronskem mikroskopu 
elektronski curek hitro potuje (»skenira«) po površini vzorca, pri čemer dobimo sliko 
tako, da detektiramo bodisi primarne povratno sipane ali pa sekundarne elektrone iz 
vzorca.  
TEM presvetli vzorec in omogoča proučevanje notranjosti sistema. Snop elektronov 
usmerimo v vzorec in na fluorescenčnem zaslonu ali na fotografski emulziji detektiramo 
elektrone, ki prodrejo skozi vzorec. Zaradi majhne prodorne globine elektronov morajo 
biti vzorci za TEM izredno tanki (< 100 nm). S TEM ne moremo opazovati materialov, ki 
imajo prenizko elektronsko gostoto in snovi, pri katerih pride med obsevanjem s snopom 
elektronov do taljenja in sintranja. Za takšne materiale je primerno opazovanje s TEM po 
predhodnem zamrzovanju in lomljenju (»freeze-fracturing«).  
AFM je primerno orodje za vizualizacijo in kvantifikacijo nanodelcev učinkovine. 
Poleg informacij o velikosti delcev, dobimo tudi natančne podatke o obliki in strukturi 
površine delcev ter fizikalno-kemijskih lastnostih površine. Z AFM merimo silo med 
konico tipala in površino vzorca. Vzorce lahko preiskujemo pri različnih temperaturah pri 
običajnih atmosferskih pogojih, v vakuumu ali v tekočinah.  
Analiza velikosti s Coulterjevim števcem daje v nasprotju z lasersko difraktometrijo, 
katere rezultat je relativna porazdelitev velikosti delcev, absolutne rezultate t.j. absolutno 
število delcev v določenem volumnu za določen velikostni razred [8]. Metoda temelji na 
spremembi prevodnosti, ko delec potuje med elektrodama. Število signalov nam daje 
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podatek o številu delcev, medtem ko lahko iz površine spremembe signala sklepamo na 
volumen oz. velikost delca [40]. Metoda daje zanesljive rezultate za meritve delcev, ki so 
večji od 400 nm [41]. 
Podatek o absolutnem številu delcev večjih od 5 µm  v pripravku je zelo 
pomemben pri farmacevtskih oblikah za intravensko uporabo. Zavedati se moramo, da je 
premer najmanjših kapilar v organizmu 5–6 µm, zato lahko delci večjih od 5 µm 
povzročijo zamašitev teh kapilar in embolijo [10].  
 
Površinske lastnosti 
Za zagotavljanje fizikalne stabilnosti dispergiranih delcev je poleg drugih 
dejavnikov (npr. stabilnosti emulgatorskega filma, sterične stabilizacije, hidratacijske sile) 
ugodno, če imajo delci na površini določen naboj. Ta je lahko posledica selektivne 
adsorpcije ionov iz disperznega medija ali ionizacije skupin na površini delcev (npr. 
karboksilne skupine). Naboj funkcionalnih skupin na delcih je funkcija pKa in pH. 
Gostoto naboja na površini delcev ugotavljamo z merjenjem zeta potenciala. Zeta 
potencial je definiran kot razlika med potencialom na površini delca močno vezane plasti 
ionov in elektronevtralnim območjem v raztopini. Velikost zeta potenciala je odvisna od 
lastnosti delcev in vrste uporabljenih stabilizatorjev. Merimo ga z metodo elektroforeze. 
To je merjenje hitrosti gibanja nabitih delcev v električnem polju skozi tekočino. Z 
elektroforezo lahko ocenimo vrsto naboja na delcih ter elektroforezno gibljivost [9, 10, 40].  
Laserska Dopplerjeva anemometrija meri hitrost toka delcev v določeni točki s 
pomočjo laserskega žarka. Uporaba optičnega modulatorja nam omogoča ugotavljanje 
naboja na površini delcev. Poleg naboja na površini je pomembna lastnost nanosuspenzij 
tudi hidrofilnost/hidrofobnost površine delcev, saj le-ta vpliva na in vivo porazdelitev 
učinkovine v posamezne organe. Hidrofobnost površine nanodelcev učinkovine 
ugotavljamo v vodnem disperznem mediju [10]. Primerne metode za ugotavljanje 
površinskih lastnosti so merjenje stičnega kota, uporaba posebne vrste kromatografije za 
merjenje hidrofobnih interakcij [42, 43], v zadnjem času pa uporabljamo tudi metodo 
inverzne plinske kromatografije [40]. Hidrofobnost površine nanodelcev je parameter, ki 
kaže na stopnjo vezave  plazemskih proteinov na delce [10]. 
Kemijsko sestavo vrhnje plasti površine (1-10 nm) lahko analiziramo z rentgensko 
fotoelektronsko spektroskopijo (»X-ray photoelectron spectroscopy«, XPS). XPS je 
kvantitativna nedestruktivna metoda, ki omogoča detekcijo vseh elementov razen vodika 
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in helija. V visokem vakuumu obsevamo površino z rentgenskimi žarki in merimo 
kinetično energijo in število izbitih elektronov. Vsak element ima v XPS spektru 
karakteristične pike, ki ustrezajo  njegovi elektronski konfiguraciji. Metoda nam omogoča 
vpogled v elementno sestavo površine delcev in prisotnost funkcionalnih skupin na 
površini [44-46]. 
 
Hitrost raztapljanja in  topnost 
Ugotavljanje hitrosti raztapljanja je pomembno za vrednotenje nanosuspenzij v 
primerjavi s tradicionalnimi pripravki učinkovine (npr. grob prašek, mikroniziran 
produkt). Povečanje hitrosti raztapljanja in topnosti učinkovine v obliki delcev 
nanometrskih velikosti vodita do spremembe lastnosti pripravkov z nanosuspenzijami in 
vivo (npr. sprememba profilov krvnih koncentracij, maksimalne koncentracije v krvi, 
biološke uporabnosti). Za ugotavljanje hitrosti raztapljanja uporabimo metode, ki jih 
predpisuje farmakopeja [47]. Topnost običajno ugotavljamo tako, da pripravimo nasičeno 
raztopino in nato z ustrezno analizno metodo (običajno HPLC) določimo količino 
raztopljene učinkovine v alikvotu nasičene raztopine. 
 
Kristaliničnost 
Ugotavljanje kristaliničnosti je pomembno zlasti pri učinkovinah, ki imajo več 
polimorfnih modifikacij. Polimorfne kristalne snovi imajo različne fizikalne lastnosti, med 
katerimi je v farmaciji zelo pomembna vodotopnost. Bolje topne so modifikacije z višjo 
notranjo energijo t.i. metastabilne in nestabilne oblike. Številne učinkovine so lahko tako v 
kristalnem kot tudi v amorfnem stanju. Amorfne oblike so sestavljene iz neurejeno 
razporejenih molekul, ki ne sestavljajo značilno urejene kristalne rešetke. Notranja 
energija in entalpija amorfne oblike sta višji kot pri kristalnih oblikah, prav tako pa sta 
višji tudi Gibbsova prosta energija in entropija. Amorfne oblike so po reoloških lastnostih 
podobne trdni obliki, po strukturnih pa tekočinam. Zaradi termodinamske nestabilnosti 
(visoka notranja energija, velika specifična površina) lahko amorfne oblike spontano 
prehajajo v kristalne tudi med tehnološkimi procesi [27].   
Za proučevanje kristaliničnosti snovi se uporabljajo rentgenska praškovna 
difraktometrija in termoanalitični postopki [9]. Kristaliničnost učinkovine v 
nanosuspenzijah običajno ugotavljamo z diferenčno dinamično kalorimetrijo (DSC). 
Metoda temelji na merjenju toplotnega toka iz (v) vzorca (vzorec) kot funkcijo 
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temperature in časa [40]. V postopku priprave nanosuspenzij lahko pride do spremembe 
kristalne strukture učinkovine tako, da se poveča delež učinkovine v amorfnem stanju ali 
se učinkovina popolnoma pretvori v amorf. Obseg prehoda lahko spremljamo z DSC 
analizo [10]. 
Rentgenska praškovna difraktometrija (»X-ray powder diffractometry«, XRD) se 
uporablja za kvalitativno in kvantitativno analizo kristalnega stanja praškastih vzorcev. 
Vsaka kristalna oblika snovi ima zanjo značilen vzorec loma rentgenskih žarkov na 
podlagi katerega lahko identificiramo posamezno snov. XRD nam omogoča identifikacijo 
različnih kristalnih in amorfnih oblik vzorcev, obstoj solvatov in različnih polimorfnih 
oblik hidratov. Z XRD analizo lahko določimo tudi stopnjo kristaliničnosti vzorca tj. delež 
kristalne oblike v amorfu ali obratno. Kadar so delci zelo majhni (< 1 µm) lahko 
povzročijo širjenje pikov zaradi omejenega števila ravnin v vzorcu, kjer se lomijo 
rentgenski žarki. Pri interpretaciji rezultatov moramo zato paziti, saj je širjenje pikov 
značilno tudi za amorfno stanje vzorca  [48].  
 
Interakcije delcev s proteini v telesu 
Vrsta in količina plazemskih proteinov, ki se po intravenskem injiciranju 
nanosuspenzije adsorbirajo na nanodelce, je ključni dejavnik, ki določa porazdelitev 
učinkovine v organe. Za ugotavljanje adsorpcije proteinov na nanodelce učinkovine 
uporabljamo modificirano dvodimenzionalno poliakrilamidno gelsko elektroforezo (2D-
PAGE). Vrsto in količino proteinov, ki se v določenem času adsorbira na nanodelce 
učinkovine, ugotavljamo tako, da nanodelce učinkovine inkubiramo z vzorcem plazme ali 
seruma. Lahko pa za analizo uporabimo vzorce plazme ali seruma živali, ki smo jim 
intravensko injicirali nanosuspenzijo [10].  
Obstajajo določene povezave med adsorpcijo proteinov na nanodelce učinkovine 
in porazdelitvijo le-teh v organe (npr. privzem v celice mononuklearnega fagocitnega 
sistema, privzem delcev v celice kostnega mozga, dostava učinkovin v možgane). Na 
osnovi poznanih povezav med adsorpcijo proteinov in porazdeljevanjem v organe lahko 
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1.5 Farmacevtske oblike z nanosuspenzijami 
 
Nanosuspenzije so lahko same končna farmacevtska oblika ali pa predstavljajo 
vmesno stopnjo pri oblikovanju različnih farmacevtskih oblik. Možnost zelo široke 
uporabe nudijo peroralne farmacevtske oblike. Bolniku najbolj prijazen način vnosa 
zdravil je peroralno jemanje. Nanosuspenzije lahko vgradimo v tablete, pelete ali kapsule. 
Nanosuspenzije lahko predhodno posušimo z razprševanjem ali z liofilizacijo ali pa jih 
neposredno vgradimo v postopku granuliranja (Poglavje 1), oblaganja [35] ali peletiranja. 
Nanosuspenzije v nevodnih medijih lahko neposredno po izdelavi napolnimo v mehke ali 
trde želatinske ali HPMC kapsule. Kadar izdelamo nanosuspenzijo v talini PEG, lahko 
talino ohladimo in nato zmeljemo v prašek, ki ga polnimo v kapsule ali uporabimo za 
izdelavo tablet. Ko se PEG strdi, prepreči agregiranje in kristalizacijo dispergiranih delcev 
učinkovine [33]. 
Z oblikovanjem nanosuspenzij se poveča biološka uporabnost težko topnih 
učinkovin, stroški zdravljenja pa so zaradi manjših odmerkov nižji. Razlogi za povečanje 
biološke uporabnosti po peroralem vnosu učinkovin v obliki nanosuspenzij so povečanje 
adhezije delcev na steno GIT, povečanje površine delcev, povečanje topnosti in hitrost 
raztapljanja, rezultat česar je večji koncentracijski gradient med lumnom GIT in krvjo ter 
večja absorpcija. Podatki, ki jih zasledimo v literaturi, kažejo na izrazito povečanje 
biološke uporabnosti učinkovin v obliki nanosuspenzij npr. biološka uporabnost 
nanosuspenzije danozola je 82 %; pri komercialni suspenziji pa le 5 % [25]. Z dajanjem 
nanosuspenzij lahko dosežemo tudi hiter nastop učinka učinkovin, ki se sicer popolnoma, 
a počasi absorbirajo. V literaturi najdemo podatke, ki so jih dobili v raziskavah z 
naproksenom [24, 26]. Ugotovili so, da se čas v katerem nastopi učinek naproksena v 
obliki nanosuspenzije skrajša za 50 % v primerjavi z dajanjem komercialne suspenzije ali 
tablet. Površina pod krivuljo plazemskih koncentracij v prvi uri po aplikaciji pa se poveča 
za 2,5 do 4,5-krat.  
Tehnologija izdelave nanosuspenzij je obetajoč pristop tudi za dostavo učinkovin v 
kolon ter tako za zdravljenje raka kolona, infekcij s helminti, vnetij v prebavnem traktu in 
drugih obolenj GIT [10]. 
Nanosuspenzije v dermatikih izboljšajo prodiranje učinkovine v kožo. V primeru 
očesnih kapljic se zaradi adhezivnih lastnosti nanodelcev učinkovine podaljša 
zadrževanje učinkovine v očesu, poveča obseg absorpcije in učinek [49]. Nanosuspenzije z 
Uvod                                                                                                            Petra Kocbek: Doktorska disertacija 
 30 
vodnim medijem, ki jim dodamo sredstvo za povečanje viskoznosti ali pripravimo gel, 
lahko uporabljamo oralno (npr. nanos v usta s čopičem). Nanosuspenzije omogočajo tudi  
parenteralno dajanje, zlasti v obliki intravenskih injekcij [50]. Nanosuspenzije za 
injiciranje, ki so dokazano stabilne, lahko shranjujemo v tekoči obliki, če pa stabilnost ni 
zadovoljiva, jih lahko liofiliziramo in liofilizat z dodatkom ustreznega medija pretvorimo 
v nanosuspenzijo tik pred uporabo. Pomembno razvojno področje predstavljajo tudi 




Nanosuspenzije predstavljajo nov pristop za oblikovanje in vnos težko topnih 
učinkovin v organizem. Nabor različnih metod za izdelavo omogoča izbiro ustrezne 
metode glede na lastnosti učinkovine in želene lastnosti končnega produkta. 
Nanosuspenzije so lahko konča farmacevtska oblika ali le vmesna stopnja pri izdelavi 
drugih farmacevtskih oblik. Bistveni značilnosti nanosuspenzij sta povečana hitrost 
raztapljanja in topnost delcev učinkovine nanometrskih velikosti. Dandanes 
nanosuspenzije niso le zelo aktualno področje raziskav, ampak njihov velik uporabni 
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2   Protitumorne učinkovine in oblikovanje nanodelcev za ciljanje 
tumorskih celic 
 
Hiter napredek na področju odkrivanja novih učinkovin in novih tehnologij za 
izdelavo dostavnih sistemov vodi k učinkovitejšemu zdravljenju raka. Hkrati pa z 
razvojem genomike in proteomike postajajo vse bolj raziskani tudi molekularni 
mehanizmi rakavih obolenj [63].  
Večina protitumornih učinkovin, ki so danes na voljo, ne razlikuje med rakavimi in 
normalnimi celicami. Posledica sistemskega dajanja takšnih učinkovin so resni stranski 
učinki v netarčnih tkivih (npr. supresija kostnega mozga, kardiomiopatije, 
nevrotoksičnost), ki nastopijo zaradi neselektivnega citotoksičnega delovanja teh 
učinkovin. Za mnoge protitumorne učinkovine je značilen velik volumen porazdelitve, 
kar pomeni, da se po intravenskem dajanju hitro in neselektivno porazdelijo po vseh 
tkivih v organizmu; rezultat česar je sistemska toksičnost [64]. Hitro izločanje in 
porazdelitev učinkovine tudi v netarčna tkiva in organe, zahteva dajanje velikih 
odmerkov, kar je neekonomično in privede do zapletov zdravljenja [63].  
Prav nanotehnologija nudi možnost manj invazivnega pristopa zdravljenja, ki 
lahko podaljša življenjsko dobo bolnika in kakovost njegovega življenja. Največji izziv 
zdravljenja raka še vedno ostaja selektivno ubijanje rakavih celic brez vpliva na zdrave 
celice. Ta cilj lahko dosežemo z razvojem sistemov za ciljano dostavo, ki imajo številne 
prednosti pred klasičnimi farmacevtskimi oblikami. Cilj takšne dostave ni le pripeljati 
učinkovino na tarčno mesto, ampak jo tam tudi zadržati dovolj dolgo in tako doseči želen 
farmakološki učinek. Prvi pogoj, da dostavni sistem doseže tarčno mesto in se nanj tudi 
veže je ustrezna velikost sistema. Ker se velikost človeških celic giblje od 10 do 20 µm in 
velikost celičnih organelov od nekaj nanometrov do nekaj sto nanometrov, lahko 
nanosistemi zaradi svoje velikosti vstopajo v interakcije z biomolekulami na celični 
površini in znotraj celic [63]. Pristope ciljanja v razvoju novih inovativnih dostavnih 
sistemov lahko razdelimo na dve skupini: pasivno in aktivno ciljanje. 
 
2.1 Pasivno ciljanje 
 
Pasivno ciljanje izkorišča fizikalno-kemijske, anatomske ali patofiziološke 
dejavnike za nalaganje učinkovine ali dostavnega sistema na tarčno mesto. Učinkovine 
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lahko ciljano vnesemo na točno določeno anatomsko področje z uporabo katetrov ali z 
injiciranjem na tarčno mesto. Ta metoda lokalno-specifične dostave učinkovin prepreči 
neželeno sistemsko delovanje učinkovine in posledično neželene stranske učinke v 
netarčnih tkivih. Tak način dostave, ne le zmanjša  potrebni terapevtski odmerek, ampak 
nudi možnost lokalizirane dostave citotoksičnih protitumornih učinkovin in zmanjša 
stroške zdravljenja [1]. 
 
 
Slika 6: Kopičenje nanodelcev v tumorju zaradi učinka povečane prepustnosti in zadrževanja (EPR 
učinek). 
 
Pri številnih patoloških stanjih je fiziologija tkiv spremenjena, kar lahko 
izkoristimo za ciljano dostavo učinkovin. Pasivno ciljanje tumorskega tkiva izkorišča 
patofiziološke značilnosti mikrookolja v tumorju za nalaganje makromolekularnih 
učinkovin in dostavnih sistemov koloidnih velikosti. Celice tumorja dobivajo potrebne 
hranilne snovi za rast z difuzijo dokler je velikost  tumorja manjša od 1-2 mm. Nato pride 
v tumorju do angiogeneze, da lahko tumor zraste in pokrije povečane potrebe po 
hranilnih snoveh. Ko je ta kritična velikost presežena, pride v tumorju do angiogeneze, da 
lahko tumor pokrije povečane potrebe po hranilnih snoveh. Rezultat hitre rasti žilja je 
nepravilna zgradba žilnega endotelija, povečana prepustnost in okrnjena limfna drenaža, 
kar povzroči zadrževanje tekočine v intersticiju tumorja [65]. Žilje tumorjev ima 
fenestriran endotelij (pore velikosti 100 nm - 800 nm), ki se razlikuje od zveznega 
endotelija v žilju normalnih tkiv [66]. Prav povečana prepustnost žilja, povezana z moteno 
limfno drenažo v tumorju, je glavni vzrok učinka povečane prepustnosti in zadrževanja 
(EPR učinek), ki ga je prvi opisal Matsumura s sodelavci (slika 6) [67, 68]. Da dosežemo 
pasivno nalaganje dostavnega sistema v tumorju z izkoriščanjem EPR učinka, mora imeti 
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dostavni sistem dovolj dolg čas zadrževanja v krvnem obtoku, vgrajena učinkovina pa 
mora ostati znotraj nosilca v aktivni obliki, dokler dostavni sistem ne doseže tarčnega 
mesta ter se šele nato sprosti. Na nalaganje dostavnega sistema v tumorju vplivata še 
ožiljenost tumorja in velikost dostavnega sistema. V literaturi najdemo podatke za 
uspešno pasivno ciljanje tumorskega tkiva z uporabo liposomov, polimernih nanodelcev, 
micelov kot tudi konjugatov polimerov z učinkovinami [1]. 
Naslednji pristop pasivnega ciljanja izkorišča prisotnost specifičnih dražljajev za 
sproščanje vgrajene učinkovine. Takšni dostavni sistemi se lahko odzivajo na spremembo 
pH okolja, temperature, prisotnost magnetnega polja itd. [65]. Za sproščanje učinkovin v 
tumorskem tkivu lahko oblikujemo dostavni sistem, ki sprošča učinkovino pod vplivom 
znižanega pH, ki je značilen za tumorsko tkivo [69]. 
 
2.2 Aktivno ciljanje 
 
Aktivno ciljanje temelji na vezavi specifičnega liganda, ki selektivno prepozna in 
se veže na tarčne celice, tkiva ali organe v telesu, na samo učinkovino ali na površino 
dostavnega sistema (slika 7) [65]. Vezava takšnih ligandov na površino nanodostavnega 
sistema poveča verjetnost interakcij s tarčnim mestom in s tem terapevtsko učinkovitost. 
Neposredna vezava liganda za ciljanje z učinkovino omejuje kapaciteto takšnega sistema 
na le nekaj molekul učinkovine, medtem ko vezava liganda na nosilni nanosistem 
omogoča vnos velikega števila molekul učinkovine z vezavo le ene molekule liganda za 
ciljanje [1].  
Aktivno ciljana dostava učinkovin na oz. v specifične celice izkorišča prisotnost 
različnih antigenov (proteinov, sladkorjev, lipidov) na površini tarčnih celic. Ti antigeni so 
lahko selektivno izraženi le na obolelih celicah ali pa je njihovo izražanje različno na 
obolelih in zdravih celicah. Kot molekule za ciljanje tarčnih celic se pogosto uporabljajo 
ligandi  receptorjev ali protitelesa, ki se vežejo na antigene na površini celic.  
Na uspešnost aktivnega ciljanja vplivajo:  
• dejavniki, vezani na receptor oz. antigen na celici kot so izraženost receptorja, 
njihova gostota in dostopnost, 
• dejavniki, vezani na ligand na dostavnem sistemu kot so vrsta, gostota in 
specifičnost liganda ter razdalja med posameznimi ligandi na površini dostavnega 
sistema, 
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• način vezave liganda in lastnosti uporabljenega distančnika (dolžina, 
konformacija) in 
• vrsta endocitoznega privzema, ki sledi interakciji ligand-receptor in določa 
učinkovitost, uspešnost in znotrajcelično usodo dostavljene učinkovine ali sistema. 




Slika 7: Shema aktivnega ciljanja rakavih celic z nanodelci, ki imajo na površini vezana protitelesa. 
 
 
2.2.1 Tarčna mesta 
Dandanes poznamo vse več novih potencialnih molekularnih tarčnih mest, ki bi jih 
lahko izkoristili za razvoj dostavnih sistemov za ciljano diagnostiko ali zdravljene, a 
pogosto predstavlja omejitev težka dostopnost teh tarčnih mest za učinkovine in 
nanodostavne sisteme. Izbor ustreznih tarčnih mest za ciljano dostavo protitumornih 
učinkovin otežujejo tudi številne podobnosti med rakavimi in zdravimi celicami. Rakave 
celice namreč niso telesu tuje celice, ampak izvirajo iz normalnih človeških celic [64].  
 
a.) Receptorji 
Prisotnost receptorjev na celičnih membranah omogoča ciljano dostavo s specifičnimi 
interakcijami dostavnega sistema s celicami in hkrati lahko olajša privzem dostavnega 
sistema v celice z receptorsko endocitozo. 
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 Folatni receptorji  
Folatni receptorji so membranski glikoproteini z molekulsko maso 38-40 kDa in so 
pri človeku izraženi le v določenih tkivih (horoidni pletež, posteljica, pljuča, črevesje, 
ledvice) [71]. Ti receptorji se nahajajo na apikalni strani polariziranega epitelija in so zato 
večinoma nedostopni folatom in konjugatom s folno kislino, ki so prisotni v krvnem 
obtoku [71]. Za rakave celice tumorjev epitelijskega izvora je značilna povečana stopnja 
izraženosti folatnih receptorjev . Tako ima več kot 90 % tumorjev jajčnikov povečano 
stopnjo izraženosti folatnih receptorjev, poleg tega imajo povečano stopnjo izraženosti 
tudi tumorji endometrija, prsi, ledvic, kolorektalni tumorji, možganske metastaze 
epitelijskega izvora in nevroendokrini tumorji [72].  
 
 Receptorji za lipoproteine nizke gostote (LDL) 
LDL receptorji so skupina devetih endocitoznih receptorjev, ki so udeleženi pri 
privzemu lipoproteinov, bogatih s holesterolom (LDL) v celice z receptorsko endocitozo. 
Z anionskimi liposomi in liposomi bogatimi z apolipoproteinom E (apoE) lahko dosežemo 
specifično dostavo protitumornih učinkovin v rakave celice preko LDL receptorjev. In 
vitro so proučevali specifičnost vezave liposomov z vezanim apoE na celice melanoma 
B16, ki imajo v povečanem številu izražene LDL receptorje. Opazili so povečan privzem v 
celice podobno kot v študiji in vivo na podganah s selektivno povečano ekspresijo LDL 
receptorjev v jetrih in nadledvičnih žlezah. Podganam so dajali liposome z apoE in opazili 
povečan privzem v organe s povečano ekspesijo LDL receptorjev. Slabost ciljane dostave 
učinkovin preko LDL receptorjev je pomanjkljiva specifičnost, saj so LDL receptorji 
izraženi na površini celic skoraj vseh organov [73]. 
Pomembno odkritje predstavlja spoznanje, da LDL receptorji verjetno igrajo ključno 
vlogo pri ciljani dostavi učinkovin v možgane. Tako so dokazali, da z vezavo apoE na 
površino albuminskih nanodelcev z vgrajenim loperamidom dosežejo vnos učinkovine v 
možgane [74]. 
 
 Receptor za humani epidermalni rastni dejavnik 2 (HER-2)  
HER-2 spada v družino receptorjev s tirozin-kinazno aktivnostjo. Izraženost 
receptorja v zdravem tkivu odraslih je majhna. Število HER-2 receptorjev je značilno 
povečano pri 20-30 % primerov raka dojke, povečanje števila teh receptorjev je značilno 
tudi za rak jajčnikov, pljuč in želodca. HER-2 je na površini celic prisoten lahko dostopen 
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receptor in predstavlja primerno tarčno mesto za ciljanje, saj je izražen tako na površini 
primarnih tumorjev kot metastaz. Ker vezavi na receptor sledi privzem v celico, je tak 
način ciljanja učinkovit za vnos konjugatov učinkovin ali nanodelcev v tarčne celice [75].  
 
 Receptor za transferin 
Receptor za transferin je pogosto izražen v povečanem obsegu pri rakavih obolenjih in 
je tako potencialno tarčno mesto za dostavo protitumornih učinkovin. Vezavi liganda na 
receptor sledi privzem v celice, kar omogoča dostavo učinkovin v tumorske celice [76]. 
 
b.)  Lipidne komponente celičnih membran 
Lipidne komponente celičnih membran se pojavljajo kot nove tarče za protitumorne 
učinkovine. Interakcije sinteznih analogov fosfolipidov s celično membrano spremenijo 
lipidno sestavo, prepustnost in fluidnost membrane, kar vpliva na mehanizme prenosa 
signalov in povzroči apoptotično smrt celic. Dva izmed takšnih analogov fosfolipidov sta 
edelfozin in miltefozin, ki lahko selektivno ubijeta rakave celice in predstavljata obetajoč 
pristop v kemoterapiji raka [1]. 
 
c.) Površinski proteinski antigeni 
Izraženost različnih proteinov na površini celic predstavlja biokemijski zapis na 
celicah, ki ga lahko prepoznajo nosilni sistemi z vezanimi monoklonskimi protitelesi, ki so 
usmerjena proti tem proteinom. Obolele celice imajo lahko na površini izražene proteine, 
ki jih na površini normalnih celic ni, ali pa je izražanje proteinov, ki jih najdemo tudi na 
normalnih celicah, zmanjšano ali povečano. Kljub razmahu proteomike ni prišlo do 
pričakovane revolucije na področje identifikacije in validacije tumorsko specifičnih 
antigenov (biomarkerjev). Idealni tumorsko specifični antigen, ki bi ga lahko uporabili kot 
tarčno mesto za ciljano dostavo, je izražen le na tumorskih celicah; hkrati pa ima celotna 
populacija celic v tumorju takšen antigen homogeno izražen, a žal takšnega antigena ni. 
Zdravljenje tumorjev, ki imajo neenakomerno izražene antigene v tumorskem tkivu, 
lahko povzroči pojav odpornih celic, ki več ne izražajo teh tumorsko specifičnih 
antigenov. 
Primer tumorsko specifičnega antigena je prostatični specifični membranski antigen 
(PSMA), ki je v tumorskem tkivu prostate izražen v 10-krat večjem obsegu kot v 
normalnem tkivu; stopnja izraženosti pa z napredovanjem bolezni še narašča. Izraženost 
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tega antigena se v zdravem in tumorskem tkivu razlikuje tudi po lokalizaciji. V zdravem 
tkivu izražen PSMA je nedostopen iz krvnega obtoka, saj se nahaja v epiteliju prostate, v 
sluznici dvanajstnika, v proksimalnih ledvičnih tubulih in na nevroendokrinih celicah v 
kriptah kolona, medtem ko je v tumorjih izražen antigen dostopen iz krvnega obtoka, saj 
je izražen v endoteliju novonastalih kapilar. Anatomska porazdelitev izraženosti antigena 
tako zagotavlja tumorsko specifičnost ciljanja [77]. Tumorsko specifični antigeni so tako 
obetajoče tarče za ciljano terapijo tumorjev.  
 
2.2.2 Ligandi za ciljanje 
 
Izbira liganda za ciljanje  
V raziskavah so preskusili že vrsto molekul kot potencialnih ligandov za ciljano 
dostavo. Bistveni lastnosti, ki ju moramo upoštevati pri izbiri liganda, sta afiniteta in 
specifičnost za določen receptor oz. antigen. Pomemben dejavnik pri izbiri je tudi vloga 
liganda po vezavi na tarčno mesto tj. ali deluje ligand le kot površinski označevalec ali 
sproži vezava liganda na tarčno mesto privzem nanodelca v celico. Na privzem vplivajo 
številni dejavniki kot so vrsta receptorjev ali epitopov, gostota antigenov/receptorjev, 
valentnost liganda, hitrost privzema in ponovnega izražanja tarčnega epitopa [78]. Z 
receptorsko endocitozo, ki jo sproži vezan ligand, dosežemo privzem večje količine 
vgrajene učinkovine v tarčno celico. Tako dostavljena učinkovina je izpostavljena 
lizosomskemu okolju, zato je tak način vnosa primeren za učinkovine, ki niso občutljive 
na nizek pH in prisotnost lizosomskih encimov. Za znotrajcelični vnos občutljivih 
učinkovin moramo uporabiti sistem, ki učinkovino dostavi v celico tako, da se izogne 
lizosomskemu okolju, ali da dostavni sistem karseda hitro zapusti lizosome celic. Primer 
takšnega dostavnega sistema so PLGA nanodelci, ki v kislem okolju spremenijo naboj na 
površini, kar povzroči lokalno destabilizacijo lizosomske membrane in izstop iz 
lizosomov [79]. Kadar uporabimo za ciljanje ligande, ki ne sprožijo privzema v celice, 
dosežemo sproščanje učinkovine na ali v bližini celične površine. Prednost slednjih je, da 
so delovanju dostavljene protitumorne učinkovine izpostavljene tudi tumorske  celice, ki 
nimajo izraženih tarčnih antigenov; slabost pa predstavlja delovanje sproščene učinkovine 
na zdrave celice v neposredni bližini [80]. 
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Vezava liganda 
Vezava liganda za ciljanje na nanodelec ali učinkovino samo mora biti karseda 
enostavna, učinkovita, hitra in ponovljiva. Vezi, ki pri tem nastanejo, morajo biti stabilne, 
spojine pa netoksične [64]. Reakcija s katero vežemo ligand ne sme vplivati na biološko 
aktivnost liganda in ne sme imeti neželenih učinkov na dostavni sistem. Pogoje reakcije 
moramo optimirati tako, da dosežemo homogeno vezavo liganda po celotni površini 
nanodelcev, da je ligand dovolj stabilno vezan in da njegova orientacija omogoča vezavo 
na tarčno mesto, npr. monoklonska protitelesa morajo biti na učinkovino oz. na površino 
nanodelca vezana z Fc delom, da ostanejo vezavna mesta za antigen (Fab) prosta [1]. Prav 
tako vezava liganda ne sme negativno vplivati na vgrajevanje učinkovine v dostavni 
sistem in njeno sproščanje iz sistema [64]. 
Ligand za ciljanje lahko vežemo na površino nosilnega sistema kovalentno ali 
nekovalentno. Nekovalentno vezavo predstavlja fizikalna adsorpcija liganda na površino 
dostavnega sistema ali močne in visoko specifične interakcije med biotinom in avidinom 







Slika 8: Specifična nekovalentna vezava 
protitelesa na nanodelec preko kompleksa 
biotin-avidin. 
 
Na adsorpcijo ligandov na površino koloidnega nosilnega sistema vplivajo 
hidrofobne in elektrostatske interakcije ter vodikove vezi [81]. Pomanjkljivost takšne 
vezave je pogosto nestabilnost oz. možnost kompetitivne odstranitve vezanega liganda s 
proteini plazme ali proteini, ki so prisotni na mestu dajanja, kar zmanjša sposobnost 
ciljanja [82].  
Interakcija biotin-avidin je najmočnejša biološka nekovalentna interakcija s 
konstanto asociacije 1015 M-1. Vez med biotinom in avidinom se tvori hitro, nanjo ne 
vplivajo spremembe pH okolja, temperature, prisotnost organskih topil ali drugih 
denaturirajočih dejavnikov. Vez je odporna tudi na encimsko hidrolizo v prebavnem 
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traktu [83]. Vezava liganda na dostavni sistem preko kompleksa med biotinom in 
avidinom poteka v dveh stopnjah. V prvi stopnji z bifunkcionalnim veznim členom avidin 
kovalentno vežemo na površino nanodelca. V drugi stopnji dodamo ligand z vezanim 
biotinom, ki po specifični interakciji z avidinom tvori kompleks avidin-biotin. V literaturi 
najdemo podatke o takšni vezavi protitelesa trastuzumab na površino nanodelcev iz 
želatine in humanega serumskega albumina in specifičnem privzemu v rakave celice 
dojke [84]. Slabost takšne vezave so številne vmesne stopnje, preden dosežemo ciljanje. V 
nekaterih primerih so pri shranjevanju opazili tudi nestabilnost z avidinom-modificiranih 
nanodelcev [75]. Vse do danes še ni dovolj raziskana možnost kompetitivne disociacije 
kompleksa avidin-biotin zaradi biotina, ki je prisoten v  humanem serumu. Težavo lahko 
povzročajo tudi imunske reakcije, povezane z vnosom avidina, ki je telesu tuj protein.  
Drugo možnost predstavlja kovalentna vezava. Pri kovalentni vezavi ligandov za 
ciljanje ne moremo vezati neposredno na površino, če nanodelci nimajo ustreznih prostih 
funkcionalnih skupin. V takšnih primerih je potrebno izbrati ustrezen kemijski postopek 
za uvedbo funkcionalnih skupin na površino nanodelcev (npr. tiolnih skupin) [85, 86]. 
Funkcionalne skupine običajno uvedemo z ustreznim bifunkcionalnim distančnikom. 
Poleg vrste liganda, ki ga bomo vezali na dostavni sistem za ciljanje, pomembno vpliva na 
učinkovitost interakcije s tarčnim mestom tudi vrsta, dolžina in prostorska konformacija 
distančnika, ki omogoča gibljivost vezanega liganda. Raziskave so pokazale, da je za 
uspešno interakcijo liganda z receptorjem potrebna ravno pravšnja dolžina distančnika. 
Čeprav so ligandi, ki so bili vezani s kratkimi distančniki, prepoznali specifične receptorje, 
se nanje niso uspešno vezali. Podoben pomen imata tudi gostota distančnika in njegova 





Slika 9: Kovalentna vezava protitelesa na površino nanodelca z bifunkcionalnim distančnikom. 
 
Uvod                                                                                                            Petra Kocbek: Doktorska disertacija 
 40 
Kot distančnik se pogosto uporablja PEG, na katerega kovalentno vežemo ligand 
za ciljanje (slika 9). PEG na površini nanodostavnega sistema podaljša čas zadrževanja 
takšnega dostavnega sistema v obtoku. Zaradi večje gibljivosti liganda, vezanega na 
konec verige PEG, je verjetnost vezave na tarčno mesto večja, hkrati pa lahko tako vezan 
ligand zasede konformacijo kot bi jo imel v raztopini. Ligand lahko vežemo na polimer 
pred izdelavo nanodelcev ali pa vežemo ligand na predhodno izdelane nanodelce, ki 
imajo na koncu verig PEG reaktivne funkcionalne skupine. Vezava liganda na izdelane 
nanodelce je lahko v nekaterih primerih neustrezna, saj lahko pride do sproščanja in 
denaturiranja vgrajene učinkovine [83]. 
 
Pregled ligandov za ciljanje 
Aktivno ciljanje dosežemo z uporabo ligandov, ki se selektivno vežejo na specifična 
tarčna mesta na določenih celicah (tabela 3). Tako je ligand za ciljanje lahko katera koli 
molekula, ki prepozna in se veže na tarčni receptor ali antigen, ki je na površini celic 
selektivno izražen ali izražen v povečanem obsegu. Ligandi za aktivno ciljanje so tako 
sladkorji, folna kislina, peptidi, glikoproteini, protitelesa in njihovi fragmenti, aptameri, 
itd. [66]. 
 
a.) Folna kislina  
Povečana izraženost folatnega receptorja na različnih vrstah tumorskih celic predstavlja 
možnost uporabe folne kisline (slika 10) kot liganda za ciljanje. Folna kislina je vitamin, ki 
je nujno potreben za sintezo nukleotidov v celici. Vstop folne kisline v celico poteka z 
receptorsko endocitozo preko folatnih receptorjev, ki se nahajajo na celični membrani [87]. 
Folna kislina se veže na receptor z veliko afiniteto (KD ~ 10-10 M) in obdrži veliko afiniteto 













OH  Slika 10: Kemijska zgradba folne kisline. 
 
Prednosti folne kisline kot liganda za ciljanje so majhna velikost molekule (441 Da), 
stabilnost, cenenost, neimunogenost v primerjavi s proteinskimi ligandi kot so protitelesa 
in enostavna kemija vezave na dostavne sisteme [87]. V literaturi so znani primeri vezave  
 
 
Tabela 3: Pregled nanodelcev z vezanimi ligandi  za ciljanje in ustrezna tarčna mesta. 
Vrsta nanodelcev Ligand Tarčno mesto Literaturni 
vir 
Nanodelci iz govejega serumskega 
albumina 
Folna kislina Folatni receptor [87] 
Polimerni nanodelci  s strukturo 
aminopolietilenglikol-cianoakrilat-ko-
heksadecil cianoakrilat 
Folna kislina Folatni receptor [94] 
Želatinski nanodelci Epitelijski rastni dejavnik Receptor za epitelijski rastni dejavnik [111] 
Nanodelci iz človeškega serumskega 
albumina 
Trastuzumab Receptor za humani epidermalni rastni 
dejavnik 2 (HER-2) 
[75] 
PLA nanodelci Trastuzumab Receptor za humani epidermalni rastni 
dejavnik 2 (HER-2) 
[112] 
PLA nanodelci Rituksimab Antigen CD20 na limfocitih B [112] 
PLA-PEG nanodelci Monoklonsko protitelo 
OX26 
Receptor za transferin [113] 
PLGA nanodelci Transferin Receptor za transferin [76, 95] 
Polimerni nanodelci s strukturo biotin-
PEG-laktobionska kislina 
Galaktoza Asialoglikoproteinski receptor [114] 
Nanodelci iz poliglutaminske in 
polimlečne kisline 
Galaktozamin Asialoglikoproteinski receptor [97, 98] 
Želatinski nanodelci Protitelo Anti-CD3 CD3 površinski antigen na T-limfocitih [115, 116] 
PLGA nanodelci WGA (lektin) N-acetil-D-glukozamin in sialična kislina [117] 
PLA-PEG nanodelci RNA aptamer A10 Prostatični specifični membranski antigen [109] 
PLGA-PEG nanodelci RNA aptamer A10 Prostatični specifični membranski antigen [107] 
PLGA-PEG nanodelci A10 2'-fluoropirimidin 
aptamer 
Prostatični specifični membranski antigen [108] 
Poliheksilcianoakrilatni nanodelci Protitelo 791T/36 Antigen 791T/36 [82] 
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folne kisline na polimerne micele [89, 90],  dendrimere [91], liposome [92, 93] in nanodelce 
[87, 94] ter posledično prednostni privzem in kopičenje takšnih dostavnih sistemov v 
nekaterih tumorskih celicah. 
 
b.) Transferin 
Transferin je glikoprotein z molekulsko maso 80 kDa. Sintetizira se v jetrih in se 
sprošča v krvni obtok, kjer veže železo in tvori kelate, ki so pomemben fiziološki vir 
železa. Receptorji za transferin na celični površini prepoznajo vezan kelat transferina in 
železa in sprožijo endocitozo. Kisel pH v lizosomih povzroči sproščanje železa iz kelatov, 
sam transferin pa se sprosti iz celice [76]. 
V in vitro raziskavah so ugotovili povečan privzem v celice dojke in prostate (MCF-7, 
PC-3) in zmanjšano eksocitozo nanodelcev z na površini vezanim transferinom. Rezultat 
je bil povečan in zadržan antiproliferativni učinek v primerjavi s samo učinkovino ali 
nanodelci brez vezanega transferina. Transferin, vezan na površino dostavnega sistema, 
vpliva tudi na učinkovitost dostavljene učinkovine na celičnem nivoju, kar je posledica 
razlik v mehanizmu privzema v celice [76, 95]. 
 
c.) Sladkorji 
Z uporabo sladkorjev kot ligandov lahko ciljamo endogene lektine, ki so izraženi na 
površini celic. Galaktozo in fukozo lahko uporabimo za ciljanje različnih delov 
prebavnega trakta, saj se galaktoza v večjem obsegu veže v proksimalnem delu črevesa, 
medtem ko se fukoza bolje veže na distalne dele. Prav tako lahko z vezano galaktozo ali 
N-acetilgalaktozaminom na dostavnem sistemu ciljamo asialoglikoproteinski receptor tj. 
endogeni lektin, ki je izražen na površini jetrnih celic [96-98].    
 
d.) Lektini 
Izbira ustreznih eksogenih lektinov omogoča ciljanje učinkovin na/v specifične celice 
v organizmu, saj se zdrave in obolele celice med seboj razlikujejo po izraženosti sladkorjev 
na njihovi površini.  
 
Podroben pregled uporabe lektinov sledi v Poglavju 2 te doktorske naloge. 
 
 
Petra Kocbek: Doktorska disertacija                                                                                                            Uvod  
 43 
e.) Spremenjeni albumini 
Kationski albumin, vezan na sterično stabilizirane nanodelce, se je v raziskavah 
izkazal kot obetajoč ligand za specifično ciljanje možganskega tkiva. Interakcije takšnih 
nanodelcev z možganskimi endotelijskimi celicami so bile večje, hkrati pa je bilo povečano 
tudi znotrajcelično nalaganje takšnega dostavnega sistema v primerjavi z nanodelci z 
vezanim govejim serumskim albuminom [99]. S sladkorji modificirani albumini so 
primerni ligandi za selektivno ciljanje jetrnih celic, ki imajo na površini izražen 
asialoglikoproteinski receptor [100].  
 
f.) Peptidi 
Peptidi vse bolj pridobivajo na pomenu kot potencialni ligandi za ciljanje in 
predstavljajo pomembno alternativo uporabi protiteles. Peptidi so v primerjavi s 
protitelesi majhne molekule, katerih priprava je enostavnejša, so manj imunogeni in bolj 
stabilni [65]. Znani peptidi, kot so žilni endotelijski rastni dejavnik (VEGF) , vazoaktivni 
intestinalni peptid (VIP), hormon, ki sprošča luteinizirajoči hormon (LHRH), 
somatostatin, itd. se uporabljajo kot ligandi za ciljanje njihovih specifičnih receptorjev, ki 
so povečano izraženi pri različnih bolezenskih stanjih [73]. 
Ciklični peptidi, ki vsebuje v strukturi zaporedje aminokislin (Arg-Gly-Asp) (RGD) se 
v raziskavah uporabljajo kot ligandi za ciljanje integrinskih receptorjev (αvβ5 in αvβ3), ki so 
v povečanem obsegu izraženi na endotelijskih celicah žilja tumorjev. Tako so ugotovili 
učinkovito regresijo tumorjev z aktivnim ciljanjem tumorskih celic s pegiliranimi 
nanodelci z vezanim RGD peptidom in vgrajenim doksorubicinom v primerjavi z 
dajanjem doksorubicina v pegiliranih nanodelcih  [101, 102].  
 
g.) Protitelesa   
Z odkritjem tehnologije hibridomov se je razmahnila uporaba protiteles kot ligandov 
za ciljanje specifičnih receptorjev oz. antigenov na površini celic. Danes zasedajo 
protitelesa med ligandi za ciljanje vodilno vlogo [66]. Njihova bistvena prednost je visoka 
specifičnost vezave na tarčno mesto. Molekule protiteles lahko vežemo neposredno na 
učinkovine ali pa jih vežemo na površino dostavnega sistema in dobimo imunoliposome, 
imunomicele, imunonanodelce, itd.. Mišja monoklonska protitelesa so pri človeku 
imunogena, zato je uporaba omejena le na enkratno dajanje. Rešitev te pomanjkljivosti 
prinaša tehnologija priprave himernih in humaniziranih protiteles. Himerna protitelesa 
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imajo mišjo variabilno regija spojeno s humano konstantno regijo, medtem ko imajo  
humanizirana protitelesa mišje le hipervariabilne regije, ki določajo antigensko 
specifičnost (slika 11). Z uporabo humaniziranih oblik monoklonskih protiteles se 
zmanjša verjetnost pojava imunskih reakcij. Imunskim reakcijam pa se lahko popolnoma 
izognemo oz. so minimalne pri uporabi človeških protiteles, ki jih lahko pripravimo z 




Slika 11: Primerjava imunogenosti monoklonskih protiteles z različnimi deleži mišjega oz. človeškega 
protitelesa. 
 
Uporaba monoklonskih protiteles kot ligandov za ciljanje lahko sinergistično 
prispeva k delovanju učinkovine, ki je vgrajena v tak dostavni sistem. Monoklonsko 
protitelo lahko sterično ovira in zavira delovanje tarčnega antigena, deluje citotoksično na 
tarčno celico zaradi aktivacije komplementa, aktivacije citotoksičnega delovanja 
obrambnih celic (s protitelesi posredovana celična citotoksičnost, ADCC) ali 
spremenjenega prenosa znotrajceličnih signalov [103]. Zdravilo Herceptin® je 
humanizirano monoklonsko protitelo, usmerjeno proti HER-2 receptorjem, ki se uporablja 
za zdravljenje raka dojke z metastazami. V raziskavah so ugotovili, da z neposredno 
kovalentno vezavo trastuzumaba na površino nanodelcev dosežemo večjo afiniteto 
vezave protiteles na receptor HER-2 kot v primeru vezave preko tvorbe kompleksa med 
biotinom in avidinom. Privzem takšnih imunonanodelcev v HER2-pozitivne celice raka 
dojke (SK-BR-3, BT-474) je specifičen, medtem ko se privzem omenjenih 
imunonanodelcev in pegiliranih nanodelcev v HER-2 negativne celice (MCF-7) znatno ne 
razlikuje [75].  
Z vezavo monoklonskega protitelesa OX26 na površino liposomov so dosegli 
ciljano dostavo v možgansko tkivo. Omenjeno protitelo se veže na transferinske receptorje 
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in za prehod krvno-možganske bariere izkorišča mehanizem prehoda transferina [76, 104, 
105]. 
Molekule protiteles so relativno velike (~ 20 nm), zato lahko, v odvisnosti od števila 
vezanih molekul na površini, povečajo velikost nanodelcev do 40 nm, kar otežuje 
prodiranje in porazdelitev v tumorjih in s tem bistveno vpliva na terapevtsko učinkovitost 
[65]. Novost so manjši, a učinkoviti fragmenti protiteles, ki jih odlikuje boljša kinetika 
porazdeljevanja v tkivu ob ohranjeni popolni specifičnosti vezave. Takšni fragmenti 
protiteles so enovalentni fragmenti Fab, enoverižni fragmenti scFv in bispecifični 
fragmenti protiteles (slika 12). Fab fragment protitelesa anti-HER-2, vezan na liposome, se 
specifično veže na površino celic raka dojke SK-BR-3, ki imajo povečano ekspresijo 
receptorjev HER-2, čemur sledi receptorska endocitoza liposomov [1]. Enoverižni 
fragment scFv, ki se veže na transferinski receptor, so v raziskavah uporabili za ciljano 
dostavo gena p53 z nanodelci v tumorske celice dojke po sistemskem dajanju. Takšni 
nanodelci so v primerjavi z nanodelci brez vezanih ligandov pokazali boljšo vezavo na 
tumorske celice in bolj učinkovito dostavo genov ter uspešnost transfekcije tako in vitro 




Slika 12: Shematski prikaz fragmentov protiteles. 
 
Nanotelesa (»nanobody«) so najmanjši še funkcionalni fragmenti variabilne regije 
težke verige protitelesa, ki se vežejo na antigen. Nanotelesa so nizkomolekularni 
polipeptidi (< 15 kD) s podobno afiniteto vezave antigena kot protitelesa. Nanotelesa 
dobimo iz protiteles z eno domeno tj. protiteles, ki imajo le funkcionalno težko verigo 
brez lahke verige. Nanotelesa so v primerjavi s protitelesi, iz katerih izvirajo, manj 
imunogena in bolje prodirajo v tumorje [65].  
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h.) Aptameri 
Aptameri so DNA ali RNA oligonukleotidi, ki se z intramolekularnimi interakcijami 
zvijejo v konformacijo, ki omogoča vezavo na specifično tarčno mesto. Podobno kot 
protitelesa, lahko pripravimo tudi aptamere, ki se vežejo na tarčni antigen z veliko 
afiniteto in specifičnostjo. Uporaba aptamerov kot ligandov za ciljanje ima več prednosti 
pred uporabo protiteles. Aptamere z veliko afiniteto do tarčnega mesta lahko pripravimo 
z in vitro izborom s procesom SELEX (»systemic evolution of ligands by exponential 
enrichment«). To je ponavljajoča in vitro selekcija in pomnoževanje, rezultat česar so 
izboljšani aptameri. Tako izolirani aptameri so majhne molekule (~ 15 kD v primerjavi s ~ 
150 kD za protitelesa), niso imunogeni, zanje je značilno boljše porazdeljevanje med 
tumorjem in plazmo ter boljše prodirajo v tumorje v primerjavi s protitelesi. Do danes so 
uporabili že več kot 200 različnih aptamerov, ki se vežejo na vrsto različnih tarčnih mest 
kot so znotrajcelični, transmembranski in topni proteini, ogljikovi hidrati, majhne 
molekule učinkovin, itd. [65].  
Primer uporabe aptamera kot liganda za ciljanje je RNA aptamer A10, ki se veže na 
specifični membranski antigen na celicah raka prostate. Vezavi pegiliranih nanodelcev z 
vezanim aptamerom A10 sledi privzem v celice in ciljana dostava vgrajene učinkovine 
[107-109]. Na mišjem modelu raka prostate so ugotovili znatno povečan privzem takšnih 
nanodelcev v tumor v primerjavi z nanodelci brez vezanih specifičnih aptamerov [107]. 
 
i.) Novejše vrste ligandov za ciljanje 
Afitelesa (»affibody«) so polipeptidi, ki izvirajo iz vezavne domene stafilokoknega 
proteina A in se uporabljajo kot gradniki za konstruiranje kombinatoričnih fagnih 
knjižnic. S tehnologijo fagnega prikaza lahko iz takšne knjižnice izberemo zaporedje, ki bo 
omogočalo ciljano vezanje na specifični celični antigen [65, 110]. Znano je že afitelo 
velikosti 6 kD, ki se selektivno veže na receptor HER-2 [65]. 
Proteini A-domene so oligopeptidi, zgrajeni iz 40 aminokislin, ki se večtočkovno 
vežejo na površino celic. Prvi tak protein A-domene so odkrili v vezavnem mestu 
receptorja za lipoproteine nizke gostote (LDLR). Iz teh proteinov A-domene so razvili 
novo skupino molekul za ciljanje – avimere. Avimer je enoverižni protein, ki ima v 
strukturi več domen, od katerih ima vsaka svojo funkcijo [65]. 
AdNektini so termostabilni oligopeptidi, ki so odporni na delovanje proteaz in 
prvotno izvirajo iz domene 10FN3 humanega fibronektina. Vsak AdNektin ima v 
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strukturi tri ločene zanke. Z uvedbo različnih sprememb v strukturo teh zank so pripravili 
obsežno knjižnico AdNektinov. Nedavno so izolirali AdNektin, ki se veže na receptor za 




Razvoj novih dostavnih sistemov je danes usmerjen k oblikovanju pametnih 
dostavnih sistemov, ki se odzivajo na fiziološke potrebe organizma in dostavijo 
učinkovino v terapevtski koncentraciji in ob pravem času na mesto njenega delovanja. Z 
nanodelci za aktivno ciljanje smo že korak bližje k temu cilju, saj so sposobni 
razlikovati med tarčnimi in netarčnimi celicami, kar poveča učinkovitost zdravljenja in 
zmanjša stranske učinke. Z različnimi materiali in tehnologijami oblikovanja lahko 
izdelamo nanodelce z želenimi lastnostmi. Težave pri načrtovanju ciljanega vnosa 
učinkovin v tumorske celice so povezane predvsem s podobnostjo med tumorskimi in 
zdravimi celicami, kar otežuje izbor specifičnih ligandov in tarčnih mest; na drugi strani 
je težava lahko tudi velika heterogenost v sami populaciji tumorskih celic. Z 
odkrivanjem novih tumorsko specifičnih antigenov in potencialnih ligandov pa se 
odpirajo nove možnosti za večjo uspešnost aktivnega ciljanja.  
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Naše hipoteze so, da 
• se težko topni učinkovini, oblikovani v delce nanometrskih velikosti, spremeni 
profil raztapljanja, ki naj bi posledično vplival na njeno biološko uporabnost; 
• lahko z vgrajevanjem težko topnih učinkovin v nanodelce dosežemo njihovo 
dostavo v celico in tako njihovo biološko učinkovitost; 
• lahko s polimernimi nanodelci z vezanimi specifičnimi monoklonskimi protitelesi 
v kokulturi dosežemo ciljanje tarčnih celic in selektivni vnos vgrajene proteinske 
učinkovine v aktivni obliki v tarčne celice. 
 
Za potrditev hipotez je potrebno: 
- ugotoviti topnost določene učinkovine v različnih topilih,  
- razviti metodo in optimirati tehnološke parametre ter izdelati nanosuspenzije, 
- pretvoriti nanosuspenzije v praškasto obliko in iz nje pripraviti trdo farmacevtsko 
obliko, 
- ugotoviti profil raztapljanja nanosuspenzije in učinkovine mikrometrskih velikosti 
ter raztapljanje učinkovine iz izdelanih zrnc, 
 
- izdelati in ovrednotiti PCL nanodelce z vgrajenima težko topnima učinkovinama, 
- ugotoviti sposobnost vstopa nanodelcev v celice, 
- raziskati biološki učinek učinkovine dostavljene z nanodelci na celični liniji in 
primerjati rezultate z učinkom prostih učinkovin, 
 
- pripraviti PLGA nanodelce in ovrednotiti njihove lastnosti, 
- razviti ustrezen postopek vezave monoklonskih protiteles, ki prepoznajo 
specifične antigene na površini rakavih celic, 
- ovrednotiti lastnosti izdelanih imunonanodelcev (prisotnost liganda na površini, 
stabilnost vezave, biološko aktivnost), 
- raziskati sposobnost imunonanodelcev za prepoznavanje in vstop v tarčne celice 
ter ugotoviti sposobnost ciljanja v kokulturi, 
- izdelati in ovrednotiti imunonanodelce z vgrajeno proteinsko učinkovino, 
- ugotoviti biološki učinek vgrajene učinkovine na kokulturi celic 




Doktorsko nalogo sestavlja uvod in pet poglavij, ki predstavljajo pregledni in štiri 
raziskovalne članke, objavljene (oz. poslane v objavo) v domačih in tujih znanstvenih 
revijah. Prvi del doktorske naloge (Poglavje 1) bo namenjen oblikovanju nanosuspenzij, ki 
predstavljajo sodobni dostavni sistem za vnos težko topnih učinkovin v organizem. Kot 
modelno težko topno učinkovino bomo izbrali ibuprofen, ki glede na biofarmacevtski 
klasifikacijski sistem (BCS) spada v razred II, kar pomeni, da je zanj značilna slaba topnost 
in dobra permeabilnost. Povečanje topnosti in hitrosti raztapljanja takšnih učinkovin 
predstavlja temeljni pristop za povečanje njihove biološke uporabnosti. Nanosuspenzije 
bomo pripravili z emulzijsko difuzijo metodo in z metodo emulgiranja taline. Da bi bile 
izdelane nanosuspenzije z majhno velikostjo delcev stabilne, bomo preskusili različne 
parametre in izbrali najboljšo kombinacijo procesnih spremenljivk kot so: organsko topilo, 
stabilizator, koncentracija učinkovine, način homogeniziranja in tlaka. Izdelane 
nanosuspenzije bomo vrednotili glede na velikost delcev, porazdelitev velikosti in naboj 
na površini. Nanosuspenzije bomo liofilizirali in hitrost raztapljanja liofilizata primerjali s 
hitrostjo raztapljanja same učinkovine v prisotnosti stabilizatorja. Posneli bomo tudi 
termograme liofiliziranih nanosuspenzij, da bomo ugotovili, ali se je med procesom 
oblikovanja nanosuspenzij spremenila kristalna struktura učinkovine. Nadalje bomo 
izdelane nanosuspenzije uporabili kot tekočino za granuliranje in tako pripravili zrnca, 
katerim bomo določili profil raztapljanja učinkovine in rezultate primerjali z rezultati za 
samo mikronizirano učinkovino. 
V naslednjem poglavju (Poglavje 2) bomo poskusili dokazati uporabnost 
polimernih nanodelcev pri vnosu težko topnih učinkovin v celice in prednost takšnega 
dostavnega sistema pred raztopljeno oz. suspendirano učinkovino. Z metodo spontane 
difuzije organskega topila bomo poskusili učinkovini vgraditi v polimerne nanodelce iz 
poli-ε-kaprolaktona (PCL), ki je hidrofoben biorazgradljiv poliester in z difuzijo sprošča 
vgrajene nizkomolekularne učinkovine. PCL nanodelci lahko zaščitijo vgrajeni učinkovini 
pred vplivi okolja in ju v aktivni obliki in ustrezni količini pripeljejo na tarčno mesto. Z 
liofilizacijo bomo nanodelce pretvorili v suho obliko. Izdelanim nanodelcem bomo 
določili fizikalno-kemijske parametre kot so velikost, porazdelitev velikosti, naboj na 
površini in količino vgrajevane učinkovine. Učinek nanodelcev in vitro bomo vrednotili na 
celični liniji raka dojke T-47D, ki izraža encim 17β-hidroksisteroid dehidrogenazo (17β-
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HSD) tip 1. 17β-HSD tip 1 pretvarja estron v estradiol, ki preko estrogenskih receptorjev 
ERα stimulira razmnoževanje celic. Potencialni učinkovini sta inhibitorja omenjenega 
encima in tako naj bi posledično zmanjšali prekomerno razmnoževanje celic. Z MTS 
testom, ki temelji na pretvorbi substrata [(3-(4,5-dimetiltiazol-2-il)-5-(3-
karboksimetoksifenil)-2-(4-sulfofenil)-2H-tetrazol; notranja sol] v metabolno aktivnih 
celicah v obarvan formazan, bomo vrednotili vpliv samih učinkovin v raztopini ali 
suspenziji, praznih nanodelcev in nanodelcev z vgrajeno učinkovino na razmnoževanje 
celic raka dojke T-47D. S svetlobnim mikroskopom bomo spremljali učinek nanodelcev 
brez ali z vgrajeno učinkovino na morfologijo celic in s fluorescenčno mikroskopijo vstop 
fluorescenčno označenih nanodelcev v celice in njihovo lokalizacijo. 
Naslednji del doktorske naloge bo posvečen oblikovanju polimernih nanodelcev 
za aktivno ciljanje tumorskih celic. Pri oblikovanju takšnega dostavnega sistema ima zelo 
pomembno vlogo izbira ustreznega liganda za ciljanje. Tako bomo v Poglavju 3 bolj 
podrobno predstavili lektine kot primer ligandov ali tarčnih mest za ciljano dostavo. 
Lektini so glikoproteini neimunogenega izvora, ki jih lahko uporabimo bodisi kot ligande 
za ciljanje tarčnih celic (lektini eksogenega izvora) ali kot tarčna mesta v organizmu 
(endogeni lektini).  
V Poglavju 4 sledi opis načrtovanja izdelave nanodelcev za ciljanje tumorskih celic 
raka dojke s specifičnimi protitelesi. V tem delu bomo z emulzijsko difuzijsko metodo 
izdelali nanodelce iz kopolimera mlečne in glikolne kisline (PLGA). PLGA je 
biokompatibilen in biorazgradljiv polimer, zato je zelo primeren za izdelavo dostavnih 
sistemov za vnos učinkovin, njegova uporaba pa je dovoljena tudi s strani Ameriške 
agencije za hrano in zdravila (FDA). Izdelanim nanodelcem bomo določili velikost in 
površinske lastnosti ter nato nanje vezali biospecifični ligand za ciljanje tumorskih celic. 
Kot ligand bomo izbrali monoklonsko protitelo CDI 315, ki prepozna in se veže na 
specifične antigene na površini rakavih celic dojke. Monoklonsko protitelo bomo na 
površino nanodelcev poskusili vezati nekovalentno tj. z adsorpcijo in kovalentno. Za 
aktivno ciljanje določene vrste celic je pomembna moč vezave liganda na površino 
nanodelcev, kar bomo kvalitativno ovrednotili s fluorescenčno mikroskopijo in 
kvantitativno s spektrofotometrično analizo na lizatu rakavih celic MCF-10A neoT in 
MCF-7. Pripravili in ovrednotili bomo tudi nanodelce, ki bodo imeli na površini 
kovalentno vezane molekule monoklonskih protiteles. Z metodo po Bradfordu bomo 
preverili ali je bila reakcija kovalentne vezave protiteles na nanodelce uspešna.  
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Nadaljnja testiranja bomo izvajali v kokulturi različnih celičnih linij. Izbrali bomo 
transformirano celično linijo epitelijskih celic dojke MCF-10A neoT, ki ima na površini 
izražene specifične antigene za vezano monoklonsko protitelo CDI 315  in celično linijo 
adenokarcinoma debelega črevesa Caco-2, ki nima izraženih omenjenih antigenov. 
Najprej bomo monokulturo celic MCF-10A neoT inkubirali v prisotnosti nanodelcev z 
vezanimi protitelesi in s fluorescenčno mikroskopijo spremljali vstop nanodelcev v celice. 
Nato bomo v heterogeni celični kulturi obeh vrst celic ugotavljali, ali pride do ciljanja v 
tiste rakave celice, ki imajo na površini izražen antigen za vezano protitelo.  
V nadaljevanju raziskovalnega dela na področju aktivnega ciljanja je naš namen 
dostava učinkovine na tarčno mesto in sprožitev biološkega učinka, zato želimo izdelati 
polimerne nanodelce z vgrajeno učinkovino (Poglavje 5). Kot modelno učinkovino bomo 
izbrali kokošji cistatin, saj dandanes postajajo peptidne in proteinske učinkovine vedno 
bolj aktualne. Vnos takšnih učinkovin v organizem s klasičnimi farmacevtskimi oblikami 
ni uspešen, zato je veliko truda usmerjenega v razvoj novih dostavnih sistemov kot so 
npr. polimerni nanodelci. Najprej bomo z dvojno emulzijsko-difuzijsko metodo izdelali in 
ovrednotili PLGA nanodelce z vgrajenim cistatinom ter nato z adsorpcijo na površino 
vezali monoklonsko protitelo CDI 315. S spremljanjem proteolizne aktivnosti katepsina B 
bomo ugotavljali, ali pride do selektivnega delovanja učinkovine le v celicah, ki izražajo 
antigene za protitelo CDI 315. Pri tem bomo uporabili specifični kromogeni substrat za 
katepsin B (Arg-Arg krezil vijolično). Z encimsko razgradnjo tega substrata, ki lahko 
prehaja celične membrane, nastane produkt, ki je na slikah fluorescenčne mikroskopije 
viden kot rdeče pike oz. lise v celicah. Inhibicijo proteolizne aktivnosti z dostavljenim 
cistatinom bomo ugotavljali na tarčnih celicah raka dojke MCF-10A neoT in celični liniji 
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Povzetek 
Razvoj farmacevtskih oblik s težko topnimi učinkovinami je z uporabo 
uveljavljenih tehnoloških postopkov težaven, zato takšne učinkovine pogosto opustijo že 
zgodaj v razvoju. V tem raziskovalnem delu smo za pripravo nanosuspenzij prilagodili 
metodo emulgiranja taline, ki se običajno uporablja za izdelavo trdnih lipidnih 
nanodelcev. Metodo smo primerjali z dobro uveljavljeno emulzijsko-difuzijsko metodo 
pri čemer smo uporabili ibuprofen kot modelno učinkovino. Z ustrezno kontrolo 
tehnoloških parametrov (stabilizatorji, vsebnost učinkovine, postopek homogeniziranja, 
pogoji ohlajanja), smo izdelali nanosuspenzije z velikostjo delcev manjšo od 100 nm. 
Glavna prednost metode emulgiranja taline pred emulzijsko-difuzijsko metodo je 
odsotnost uporabe organskih topil med samo izdelavo, čeprav je dobljena povprečna 
velikost delcev malo večja. Najmanjšo velikost delcev smo dobili z uporabo kombinacije 
stabilizatorjev Tweena 80 in PVP K25. Oblikovanje ibuprofena kot nanosuspenzije bodisi 
v obliki liofilizata ali zrnc je bilo uspešno in  kaže povečano hitrost raztapljanja. V 
nanosuspenziji se v prvih 10 minutah raztopi 65 % učinkovine, medtem ko se v enakem 
času raztopi manj kot 15 % mikronizirane učinkovine. Povečanje hitrosti raztapljanja in 
vitro lahko potencialno vpliva na biološko uporabnost in izboljša tudi varnost za bolnika z 
zmanjšanjem draženja želodca. 
 
Ključne besede: nanodelci, ibuprofen, metoda emulgiranja taline, emulzijsko-difuzijska metoda, 
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Abstract 
Poorly water-soluble compounds are difficult to develop as drug products using 
conventional formulation techniques and are frequently abandoned early in discovery. In 
the present study, the melt emulsification method traditionally used to prepare solid lipid 
nanoparticles was adapted to produce drug nanosuspensions. The method was evaluated 
in comparison with the well known solvent diffusion process for ibuprofen as a model 
drug. Control of the preparation variables (stabilizers, drug content, homogenization 
procedure, cooling conditions) allowed formation of nanosuspensions with diameters less 
than 100 nm. The major advantage of the melt emulsification method over the solvent 
diffusion method is the avoidance of organic solvents during production, although the 
mean particle size is slightly greater. The combination of Tween 80 and PVP K25 as 
stabilizers yields nanosuspensions with the smallest average particle size. The 
formulation of ibuprofen as a nanosuspension, either in the form of lyophilized powder 
or granules, was very successful in enhancing dissolution rate, more than 65 % of the drug 
being dissolved in the first 10 minutes compared to less than 15 % of the micronized drug. 
The increase in in vitro dissolution rate may favorably affect bioavailability and improve 
safety for the patient by decreasing gastric irritancy. 
 
Keywords: nanoparticles, ibuprofen, melt emulsification method, solvent diffusion method, 
granules, dissolution rate 
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1. Introduction 
Solubility is an essential factor for drug effectiveness, independent of administration 
route. It also poses a major challenge for pharmaceutical companies developing new 
pharmaceutical products, since nearly half the active substances being identified through 
the new paradigm in high-throughput screening are either insoluble or poorly soluble in 
water (Patravale et al., 2004). A limiting factor for in vivo performance of poorly water-
soluble drugs, following oral administration, is their resistance to being wetted by and 
dissolved into the fluid in the gastrointestinal tract. Increasing the dissolution rate of 
poorly water-soluble drugs is thus important for optimizing bioavailability. Over the last 
ten years, nanoparticle engineering processes have been developed and reported for 
pharmaceutical applications. In this approach, poorly water-soluble compounds are 
formulated as nanometre-sized drug particles.  
Nanosuspensions are sub-micron colloidal dispersions of pure drug particles in an 
outer liquid phase (Möschwitzer et al., 2004). The nanosuspensions can be used to 
formulate compounds that are insoluble in both water and oils and to reformulate existing 
drugs to remove toxicologically less favourable excipients. Such compounds have high 
crystal energy, indicated by a high melting point, which reduces the tendency of the 
crystal to dissolve, regardless of the solvent (Rabinow, 2004).  
Nanoparticle engineering enables poorly soluble drugs to be formulated as 
nanosuspensions alone, or with a combination of pharmaceutical excipients. 
Nanosuspension engineering processes currently used are precipitation (Trotta et al., 
2001; Debugine et al., 2001), pearl milling (Liversidge and Conzentino, 1995) and high 
pressure homogenization, either in water or in mixtures of water and water miscible 
liquids or non-aqueous media (Peters et al., 2000; Jacobs et al., 2001; Akkar et al., 2003; 
Kayser et al., 2003; Möschwitzer et al., 2004; Hecq et al., 2005). Different hydrophobic 
drugs have already been formulated successfully in this way, for instance naproxen 
(Liversidge and Conzentino, 1995), clofazamine (Peters et al., 2000), bupravaquone (Jacobs 
et al., 2001), nimesulid (Debuigne et al., 2001), mitotane (Trotta et al., 2001), amphotericin 
B (Kayser et al., 2003), omeprazole (Möschwitzer et al., 2004), nifedipine (Hecq et al., 2005) 
and spironolactone (Langguth et al., 2005).  
An outstanding feature of nanosuspensions is the increase in saturation solubility, and 
consequently an increase in dissolution rate of the compound. This increase in the 
dissolution rate is additional to the increase caused by the greater surface area. In general, 
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saturation solubility is a compound-specific constant, which is temperature dependent. 
However, due to an increased dissolution pressure, as described by Kelvin’s equation, the 
saturation solubility increases below a particle size of approximately 1 µm (Müller et al., 
2000). Similar to other nanoparticles (Ponchel et al., 1997), nanosuspensions show an 
increased adhesiveness to tissue. An additional feature of nanosuspensions is that they 
may induce changes in the crystalline structure, increasing the amorphous fraction in the 
particle or even creating completely amorphous particles. Considering these general 
advantages, the poorly soluble model drug ibuprofen was formulated as 
nanosuspensions. 
Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) belonging to the 
biopharmaceutical classification system (BCS) class II (Lindenberg et al., 2004). NSAIDs 
have some surface active properties (Fini et al., 1995). These molecules can insert into 
membranes, which could improve the absorption rate of the drug, but also could damage 
the gastrointestinal membranes following oral administration. Because of the dilution by 
gastrointestinal fluids, NSAIDs are never found in vivo above their critical micellar 
concentrations, but could accumulate at sites where dissolution occurs, starting from a 
solid dosage form, and there is the possibility that locally high concentrations can be 
achieved. High local concentrations of the NSAIDs should be avoided during oral 
administration, by diluting them with food or administering them as a dilute aqueous 
solution. In this respect it is important to have the drug available in a highly soluble 
chemical form or a rapidly dissolving solid dosage form. For this reason we decided 
firstly to investigate the feasibility of preparing nanosuspensions with ibuprofen, to use 
the nanosuspensions as a liquid for wet granulation, and finally to investigate the 
dissolution rate of the model drug.  
The aim of our investigation was to develop a new technological procedure for 
nanosuspension production and to evaluate the method in comparison with the current 
solvent diffusion process. The melt emulsification method is well known for the 
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2. Materials and methods 
2.1 Materials  
Ibuprofen was obtained from Sigma Aldrich Chemie, Deisenhofen, Germany.  
Lutrol F68 (poloxamer 188), Lutrol F127 (poloxamer 407) and polyvinylpyrrolidone (PVP) 
K25 were from BASF (Germany), Tween 80 (polysorbate 80), sodium dodecyl sulphate 
(SDS) and benzyl alcohol from Fluka (Switzerland), and polyvinylalcohol (PVA) (Mowiol 
4-98) from Clarient GmbH (Germany). Butyl lactate, ethyl acetate, hydrochloric acid and 
triacetin were from Merck (Darmstadt, Germany), cetylpyridinium chloride and dioctyl 
sulfosuccinate, sodium salt from Sigma Aldrich Chemie (Deisenhofen, Germany), 
microcrystalline cellulose (Avicel PH101) from FMC (USA) and lactose from Lex d.o.o. 
(Slovenia). Water was purified by reverse osmosis.  
 
2.2 Determination of ibuprofen solubility  
The solubility of ibuprofen in water and in the partially water-miscible organic 
solvents benzyl alcohol, butyl lactate, ethyl acetate and triacetin was determined by 
adding an excess of the drug into the solvent. The suspensions were stirred on a magnetic 
stirrer at 25 °C for 48 h, filtered (cut-off 0.2 µm, Minisart SRP 25, Sartorius, Germany) and 
the content of dissolved ibuprofen was analysed by HPLC. Each sample was analysed in 
triplicate. 
 
2.3 HPLC analysis of ibuprofen 
Ibuprofen concentration was determined by HPLC (Agilent 1100 Series, Hewlett 
Packard, Waldbron, Germany) using a Nucleosil C8 column (5 µm, 250 mm x 4 mm; Bia 
Separations, Ljubljana, Slovenia) at 35 °C. The mobile phase was a mixture of acetonitrile 
and phosphate buffer (pH 7.5), 28.5:71.5 and the flow rate 1.2 ml/min. The eluant was 
monitored by a diode array detector at 225 nm. Each sample was analysed in triplicate. 
 
2.4 Preparation of nanosuspensions 
2.4.1. Solvent diffusion method 
Nanosuspensions were produced with different organic solvents using Ultra 
Turrax T25 (Janke & Kunkel, IKA Labortechnik, Germany). Ethyl acetate proved to be the 
most promising organic solvent for production of ibuprofen nanosuspensions. Ibuprofen 
(300 mg), dissolved in 18 ml of ethyl acetate, was poured into 132 ml 0.2 w/w % water 
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solution of various stabilizers stirred with Ultra Turrax T25 (UT) for 5 min at 8000 rpm. 
The emulsion was further homogenized by high pressure homogenization (APV-2000, 
Invensys, Denmark) at 200 bar for 5 cycles. After 5 homogenization cycles the emulsion 
was diluted with 150 ml of water, homogenized by APV to diffuse the organic solvent and 
convert the droplets into solid particles.  
 
2.4.2 Melt emulsification method 
Ibuprofen (2.5 g) was added to 500 ml of 0.5 w/w % aqueous solution of stabilizer. 
The suspension was heated above the melting point of ibuprofen (approximately 75 °C) 
and homogenized with UT at 8000 rpm for 10 min to give an emulsion. It was transferred 
to a high pressure homogenizer and homogenized at 1000 bar for 5 cycles. During this 
process the high pressure homogenizer sample holder was wrapped with a heating tape 
equipped with temperature controller (Digi-Sense Temperature Controller, Eutech 
Instruments Ptc Ltd, Singapore) and temperature of emulsion was maintained above the 
melting point of the drug. The emulsion was then cooled either slowly to room 
temperature or on an ice-bath.  
 
2.5 Lyophilization of nanosuspensions 
To study the effectiveness of the nanosuspension formulation on ibuprofen dissolution 
rate, the nanosuspension was freeze-dried immediately after preparation. 
Nanosuspensions stabilized with poloxamer 188 were chosen for the freeze-drying 
process. Tween 80 can not be present because it is in the liquid state at room temperature.  
20 ml aliquot of nanosuspension was placed in 100 ml glass flask, rapidly frozen in 
liquid nitrogen and freeze-dried (Christ Beta 1-8 K, Germany) at a pressure of 0.120 mbar 
and at temperature 24 °C for 24 hours to yield dry sample. 
 
2.6 Preparation of granules 
Three types of granules were prepared as follows: a nanosuspension prepared by 
melt emulsification was used as a granulating liquid. It was sprayed in the top spray 
chamber of fluid bed granulator (Glatt GmbH, Binzen, Germany) on 200 g of a mixture of 
70 % lactose and 30 % microcrystalline cellulose and dried until the product temperature 
reached 30 °C.  
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Two types of reference granules were prepared as follows: 2.5 g of micronized 
ibuprofen was added to 500 ml of 0.5 % solution of poloxamer 188 in water, stirred with 
UT at 8000 rpm for 10 min at room temperature, and sprayed on 200 g of powder mixture 
as described above.  
The second reference granules were prepared in a mixer. Ibuprofen (2.0 g) was 
mixed with 198 g of powder mixture as described above and placed in the mixing holder; 
while stirring, 50 g 4 % poloxamer 188 solution was slowly added. The granules were then 
air dried at room temperature. The relative humidity of all three types of granules was 
less than 2 %, determined thermogravimetricaly by Büchi B-302 (Switzerland).      
 
2.7 Particle size analysis of nanosuspensions 
Particle size was determined by photon correlation spectroscopy (PCS) using a 
Zetasizer 3000 (Malvern Instruments, Worcestershire, UK). PCS yields the mean particle 
diameter and the width of the particle size distribution (polydispersity index - PI). All the 
data presented are the mean values of three independent samples produced under 
identical production conditions. 
 
2.8 Determination of ibuprofen content in granules  
The ibuprofen content in granules was analysed by dissolving 130–160 mg of 
granules in 100 ml of 0.1 M HCl. The samples were stirred on a magnetic stirrer at 400 
rpm at room temperature for 24 hours, filtered and the amount of drug was determined 
spectrophotometrically at 222 nm (spectrophotometer Perkin Elmer – Lambda 20, 
Germany).  
 
2.9 Dissolution studies 
2.9.1 Dissolution studies of lyophilized ibuprofen from nanosuspensions 
3 mg of lyophilized samples containing ibuprofen and poloxamer 188 (1:1) were 
suspended in 100 ml of 0.1 M HCl to maintain sink conditions and stirred on a magnetic 
stirrer at 50 rpm (Rotamix 560MMH, Tehnica, Slovenia) at room temperature.  At 
predetermined time intervals, 2.5 ml aliquots were withdrawn filtered and the amount of 
dissolved ibuprofen was determined spectrophotometrically. 
Poglavje 1                                                                                                   Petra Kocbek: Doktorska disertacija   
 72 
A suspension containing 1.5 mg of micronized ibuprofen and 1.5 mg of surfactant 
(poloxamer 188) in 100 ml of 0.1 M HCl was used as reference dispersion for the 
dissolution test. 
 
2.9.2 Dissolution studies of ibuprofen from granules 
Dissolution testing of different samples of granules containing a known amount of 
ibuprofen (8–10 mg) was performed using the USP XXV Type II (paddle method) (Erweka 
DT 6, Germany). The rotation speed of the paddles was set to 50 rpm. 900 ml of 0.1 M HCl 
at 37 ± 0.5 ºC was used as dissolution medium. At predetermined time intervals 3 ml 
samples were withdrawn, filtered immediately and the amount of dissolved drug was 
determined spectrophotometrically. 
 
2.10 Differential scanning calorimetry 
Accurately weighed samples (5–8 mg) were placed in non-hermetically sealed 
aluminium pans. An empty aluminium pan served as a reference. Samples were heated 
on a Pyris 1 DSC (Perkin Elmer, USA) equipped with an Intracooler 2P cooling accessory. 
Heating rate was 10 K/min and nitrogen purge 20 ml/min.  
 
2.11 Statistical analysis  
Particle size data are reported as arithmetic means ± standard deviation. Statistically 
significant differences of the influence of stabilizers and methods used on mean particle 
size were determined using two-way analysis of variance (ANOVA). Significance was 
tested at the 0.05 level of probability. Statistical analysis was performed with the software 
package SPSS®. 
 
3. Results and discussion 
3.1 Solvent diffusion method 
The first step in the production of nanosuspensions by the solvent diffusion 
method is to prepare a solvent-in-water emulsion with partially water-miscible solvents, 
with the dissolved drug in the dispersed phase. The selection of partially water-miscible 
solvent and the stabilizers is critical to obtain drug particles in the nanometre range. In 
general, solvents with high water miscibility and stabilizers able to form stable emulsions 
are preferred (Quintanar-Guerrero et al., 2005).  
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Table 1 
Solubility of ibuprofen in water and organic solvents at 25 °C and solubility of organic 
solvents in water. 
Solvent Ibuprofen solubility in 
organic solvents (mg/ml) (a) 
Solubility of solvents in water 
(w/w %) 
Benzyl alcohol 377 ± 12 3.5 (b) 
Butyl lactate 242 ± 15 7.7 (c) 
Ethyl acetate 372 ±  22 8.0 (b) 
Triacetin 91 ± 7 7.1 (c) 
Water 0.056 ± 0.004 - 
0.1 M HCl 0.036 ± 0.003 - 
a Experimental data  
b Data from Y. Yeo et al. 2003  
c Data from M. Trotta et al. 2001 
 
For nanosuspension production with the solvent diffusion method the drug 
should be very poor soluble in water (< 10-3 – 10-4 mol/l) and highly soluble in the organic 
solvent (Sucker, 1998). The solubility of ibuprofen was determined in water and in four 
different organic solvents. According to experimental data shown in Table 1 the solubility 
of ibuprofen in water is very low, in triacetin low, while solubility in butyl lactate and 
ethyl acetate is higher and highest in benzyl alcohol. Solubilities in benzyl alcohol and 
ethyl acetate are not significantly different.  
The water miscibility of the solvent is determining factor on the process efficiency. 
In this sense, when benzyl alcohol as a solvent with low water miscibility was used, 
ibuprofen precipitated in particles larger than the nanometre range. The relatively high 
solubility of ethyl acetate and butyl lactate in water enables their fast diffusion from 
dispersed droplets into aqueous phase. Thus, as soon as the dispersed phase comes in 
contact with a large amount of aqueous phase during the emulsion dilution, fast diffusion 
of organic solvent occurs, leading to fast drug precipitation and particle formation. Ethyl 
acetate was therefore chosen for production of nanosuspensions by solvent diffusion. 
Further, ethyl acetate and butyl lactate are much more soluble in water than benzyl 
alcohol and consequently the volume of water that is added in the dilution step is smaller 
and the resulting nanosuspension can be more concentrated. Additionally, to dissolve the 
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same amount of ibuprofen in ethyl acetate smaller volume of ethyl acetate was needed 
compared to butyl lactate.  
The important step in preparation of nanosuspension is also the manner of 
diluting the emulsion. Dilution of emulsions in high pressure homogenizer sample holder 
and subsequent homogenization is much more efficient than dilution on a magnetic 
stirrer. Obviously, intense mixing of the water phase outside the interface of the droplets 
accelerates the diffusion of organic solvent into water, resulting in a rapid precipitation of 
the drug. The mechanical stress of magnetic stirrer is milder and consequently 
precipitation of large particles occurs, what was observed in our studies. Additionally, 
Peukert et al. reported (2005) that the intensity of mixing has a strong influence on the 
resulting particle size and size distribution in nanometre range. The more intense is the 
mixing smaller are the particles. The reason for this behaviour lies in the different 
dependencies of nucleation and growth rates on supersaturation, the thermodynamic 
driving force of solid formation. With increasing supersaturation, the nucleation rate 
increases much stronger than the growth rate. As a consequence, considerably more 
particles are formed at higher supersaturation, and are consequently smaller, as the local 
solution is depleted of drug by the precipitation process. 
In general, subsequent homogenization of the precipitated particle suspension 
preserves the size of the particles obtained after precipitation step. Kipp et al. (2003) has 
reported, and we observed, that precipitated particles continue crystal growth if they do 
not undergo the high energy processing step.  
A decrease in the mean particle diameter of nanosuspensions was observed when 
passing the emulsion at 200 bar through a high pressure homogenizer compared to 
homogenizing only with UT. For example, the size of particles in nanosuspensions 
stabilized with combination of Tween 80 and PVP K25 (1:1) prepared with APV 
homogenizer was 62.4 ± 0.5 nm in comparison to 226.6 ± 14.4 nm for nanosuspensions 
homogenized only with UT. Increasing the pressure to 1000 bar did not further decrease 
the drug particle size. This observation is in agreement with earlier report from Trotta et 
al. (2001).   
A number of variables affect solvent droplet size, and also the properties of the 
resulting solid particles. The key parameters affecting the characteristics of the drug 
particles, including the size distribution pattern, are the drug solubility in the organic 
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solvent, the diffusion rate of the solvent from the disperse phase and the homogenization 
process. 
  
3.2 Melt emulsification method 
The first step in the production of nanosuspensions by melt emulsification method 
is preparation of a hot emulsion with melted drug as the dispersed phase. The primary 
emulsion is homogenized by APV and cooled to solidify the droplets of melted drug. It 
was found out that solvent diffusion method produces smaller particles than melt 
emulsification method (Fig. 1). This is explained by completely different mechanisms of 
the drug particle formation. In melt emulsification method particle formation is the 
consequence of the transformation of the melted drug into the solid state. In the solvent 
diffusion method the particle formation is the consequence of drug precipitation from 
solution into the water. The size of the drug particles produced by melt emulsification 
method is dependent mostly on the size of dispersed droplets. Even if the emulsions 
prepared by different methods have the same average droplet size, the size of resulting 
particles from hot emulsion will always be larger. This is due the lower relative 
concentration of drug in solvent droplet in comparison to pure drug droplet in hot 
emulsion. Additionally, the effect of shear thinning is lower in the melt emulsification 
method, due to higher viscosity of melted drug compared to droplets in solvent diffusion 
method.  
To prepare smaller drug particles from hot emulsion, the collision of droplets can 
be prevented by fast cooling. Comparison of the particle size in nanosuspensions 
produced with solidification under different cooling conditions shows that this step has a 
significant effect on particle size. The average particle size in nanosuspension cooled on 
an ice-bath is smaller (147 ± 6.6 nm) than that cooled at room temperature (173 ± 3.6 nm). 
Fast cooling causes very fast solidification of melted drug droplets, resulting in smaller 
drug particles. 
The mean particle size and polydispersity index of ibuprofen suspensions 
obtained from emulsions containing different amounts of melted drug as dispersed phase 
and fixed concentration of stabilizers were determined by PCS (Table 2). An increase in 
the mean diameter of the suspensions was observed with increased drug concentration. If 
the amount of the inner phase is increasing the higher number of droplets can be formed 
leading into larger interfacial area. Such system is less stable because of higher interfacial 
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energy. To convert the system into energetically more stable state droplets tend to 
coalescence resulting in bigger drug particle formation. The result of further increase in 
drug content was a formation of unstable emulsion with big drug droplets that could be 





























































Fig. 1. Influence of different formulation methods and stabilizers on particle size of ibuprofen in 
nanosuspensions (mean ± SD, n = 3). 
 
Table 2 
Effect of drug concentration and stabilizers on particle size and polydispersity index of 
nanosuspensions produced by melt emulsification method. 
Stabilizer Parameter Concentration of ibuprofen 
(0.5 w/w % )  0.25 % 0.5 % 1 % 
Tween 80 size 158.1 ± 5.5 198.8 ± 21.0 263.2 ± 22.3 
 PI 0.378 ± 0.042 0.284 ± 0.021 0.401 ± 0.151 
Poloxamer 188 size 317.2 ± 12.9 275 ± 14,2 339.5 ± 18.6 
 PI 0.491 ± 0.012 0.315 ± 0.121 0.294 ± 0.040 
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3.3 Effect of stabilizers 
The choice of stabilizer is specific to each drug candidate and each formulation 
procedure. The stabilizer (or mixture of stabilizers) should exhibit sufficient affinity for 
the droplet surface to enable preparation of emulsion and for the particle surface in order 
to stabilize the nanosuspension. In preliminary experiments by solvent diffusion method 
we used different concentrations of stabilizers from 0.05 w/w % to 1.00 w/w % to 
stabilize the nanosuspension during the production process. Our results show that for 
short term stabilisation a concentration of 0.1 w/w % was sufficient for nanosuspensions 
produced by solvent diffusion method and 0.5 w/w % for nanosuspensions produced by 
melt emulsification method. 
When the influence of different stabilizers was investigated the emulsions 
obtained by both methods were prepared with a fixed concentration of the drug. The type 
of compound employed for stabilization has a pronounced effect on particle size and 
polydispersity index (Figs. 1 and 2). Four different stabilizers were tested. The particle 
size in nanosuspensions stabilized with PVA or PVP K25 is significantly greater than that 
stabilized with Tween 80 or poloxamer 188. The main reason for efficient formation of 
droplets and stabilization of the nanosuspension appears to be the surfactant nature of 
poloxamer 188 and Tween 80.  The effectiveness of polymeric materials such as PVA, PVP 
K25 and poloxamer 188 is significantly smaller than Tween 80 in terms of particle size. 
Important function of polymers is that they can form a substantial mechanical and 
thermodynamic barrier at the interface that retards the approach and coalescence of 
individual emulsion droplets (Myers, 1999). Nonionic nonpolymeric surfactants offer an 
advantage over polymers in that they have a higher adsorption potential than an equal-
chain-length polymer (Palla and Shah, 2002). It seems that interactions between lypophilic 
area of ibuprofen and lypophilic part of Tween 80 are substantial for small droplets and 
consequently the small particles formation in melt emulsification method. Similar 
kinetically favourable interactions can be considered between Tween 80 and ethyl acetate 
solution of ibuprofen in solvent diffusion method during homogenization. 
A combination of Tween 80 and PVP K25 or combination of Tween 80 and 
poloxamer 188 yields nanosuspensions with particle sizes not significantly different than 
Tween 80 alone (Fig.1). However, PVP and poloxamer are polymeric molecules, which 
can by adsorption on the droplet surface act as a steric barrier, preventing close contact of 
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the droplets and later particles. Combination of stabilizers is also preferred for long-term 






































































Fig. 2. Influence of different formulation methods and stabilizers on polydispersity index of ibuprofen in 
nanosuspensions (mean ± SD, n = 3). 
 
Besides the results presented in Figs. 1 and 2, the effect of different stabilizers on 
the stability of produced nanosuspensions with Tween 80 was tested (Table 3). The effects 
of additional electrostatic repulsion, due to added negatively and positively charged 
surfactants, and higher concentration of steric stabilizers did not influence the particle size 
significantly. Furthermore, the results show that addition of poloxamer 407 and SDS 
increases the crystallisation rate of the drug in 0.5 % concentration and higher.  
 
3.4 Dissolution studies of lyophilized nanosuspensions 
Ibuprofen is a weak organic acid, with pKa 4.55 (Fini et al., 1995). Its solubility is 
pH dependent, increasing with pH. 0.1 M HCl was selected for dissolution studies to 
simulate gastric condition, to slow the dissolution rate of the drug, and so allow greater 
discrimination of our processing effects.  
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For the characterization of lyophilized material, we determined particle size of 
redispersed lyophilized sample. The average particle size was 849.4 ± 10.5 nm, what was 
almost three times greater then before lyophillization (317.2 ± 12.9 nm), but more than 
sixty times smaller than micronized ibuprofen (D (v, 0.9) = 46.22 ± 4.35 µm; Mastersizer, 

























Fig. 3. Dissolution profiles of lyophilized nanosuspension stabilised with poloxamer 188 (–●–) and 
a mixture of micronized ibuprofen with poloxamer 188 (–○–) in 0.1 M HCl (n = 3). 
 
The dissolution profiles of freeze-dried ibuprofen nanosuspensions, in comparison 
with a reference mixture of micronized ibuprofen with poloxamer 188, are shown in Fig. 
3. The dissolution rate was markedly enhanced in the nanometre-sized system, as more 
than 65 % of the drug dissolved in 10 minutes, as opposed to only 15 % of micronized 
drug. This could be due to the increased surface area of the drug and possible better 
contact between nanosuspensions and dissolution medium. According to Noyes-Whitney 
equation, an increase in saturation solubility and decrease in particle size lead to an 
increased dissolution rate. The size of drug particles after lyophillization was not 
preserved, but still remained in nanometre scale. It is reported that the saturation 
solubility increases with decreasing particle size. However, this effect is only pronounced 
for particle below approximately 2 µm, especially below 1 µm (Müller et al., 2000). 
So formulation of poorly-water soluble drugs as nanometre-sized drug particles 
has a dramatic effect on dissolution rate, drug solubility and consequently bioavailability. 
The bioavailability of ibuprofen is truly dissolution rate limited, so particle size reduction 
can significantly improve the performance of the drug (Lindenberg et al., 2004). 
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3.5 Differential scanning calorimetry studies 
To characterize the freeze-dried nanosuspension DSC studies of ibuprofen, 
poloxamer 188 and freeze-dried nanosuspension were performed.  
The DSC curve of pure ibuprofen exhibits a single endothermic peak at an onset 
temperature of 74.8 °C, due to its melting (Fig. 4). Poloxamer 188 has also a single melting 
peak with onset temperature at 51.4 °C. There are two distinguishable endothermic 
changes in the DSC curve of freeze-dried nanosuspension of ibuprofen and poloxamer 
188 in the ratio of 1:1. The first endothermic change appears as a large narrow peak with 
onset temperature at 39.4 °C and the second as low broad peak with temperature of 
maximum at 56.8 °C, where is not possible to analyse the onset temperature. These results 
suggest the formation of a eutectic system between the drug and poloxamer 188. In this 
case, the peak at the lower temperature would belong to the melting of the eutectic 
mixture, and the second, change at the higher temperature, would indicate the melting of 
the surplus component. From the position of the second peak one could assume, that 
ibuprofen is the component left over after the eutectic has being formed. The melting peak 
of the clean poloxamer 188 appears at a lower temperature than the endothermal change 
of the remainder in the nanosuspension sample. To confirm this assumption a physical 
mixture composed of ibuprofen and poloxamer 188 in ratio 2:3 was scanned (data not 
shown). The peak of the eutectic appeared larger and the second peak was smaller than 
on the DSC curve of lyophilized nanosuspension with ratio of components 1:1. These 
results demonstrate that the composition of the lyophilized sample is not in a eutectic 
ratio, but contains some excess of ibuprofen. This is in accordance with literature data. A 
eutectic system between ibuprofen and poloxamer 188 is composed of 30 % ibuprofen and 
shows an endothermic peak at 38.7 ± 1.2 °C (Passerini et al., 2002). The 
ibuprofen/poloxamer mixture in the freeze-dried nanosuspension forms the eutectic 
composition; therefore the increased dissolution rate of the drug can be explained by 
formation of the eutectic system and sub-micron sized drug particles during the 
production of nanosuspensions.  
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Fig. 4. Differential scanning calorimetry curves of ibuprofen, poloxamer 188 and lyophilized 
nanosuspension (NS) composed of ibuprofen and poloxamer 188 in ratio 1:1. 
. 
3.6 Comparison of the methods for nanosuspension preparation 
In both methods the intermediate step in production of nanosuspensions is an 
emulsion, which is homogenized and turned into nanosuspension. The size of the drug 
powder used for producing nanosuspensions by both methods is not important because, 
in the first case, the drug is dissolved in an organic solvent and, in the second, it is melted 
and then homogenized. The solvent diffusion process is less energy consuming than the 
hot homogenization process.  
The requirements limiting the applicability of the precipitation technique are that 
the drug needs to be soluble, at least in one solvent, and that this solvent needs to be 
miscible with a non-solvent. These prerequisites exclude the processing of drugs which 
are simultaneously poorly soluble in aqueous and non-aqueous media. 
The use of organic solvents raises environmental and human safety concerns over 
residual solvent, so they cannot be recommended for a routine manufacturing process. 
That is one important disadvantage of the solvent diffusion method. On the other hand, 
the melt emulsification method is useful only for drugs with melting points below water 
boiling point.   
 
3.7 Dissolution of ibuprofen from granules 
In order to assess whether the goal of improving the dissolution rate of ibuprofen 
in solid dosage forms was achieved, in vitro dissolution profiles of different ibuprofen 
samples were determined (Fig. 5). The dissolution rate of pure drug is very low: only 6 % 
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of the drug dissolved in the first 10 min, and the formation of a physical mixture with 
poloxamer 188 does not improve this value. On the contrary, the granules prepared using 
nanosuspension and by dispersion of ibuprofen in a solution of stabilizer both show a 
great increase in the dissolution of the drug over pure ibuprofen: 79 and 56 %, 
respectively, of the drug are dissolved in the first 10 min. These results show that 
granulation with nanosuspension is a useful method to formulate a solid dosage form 
with higher dissolution rate of ibuprofen.  Moreover, the fact that the simple mixture of 
the components does not improve the dissolution of the drug suggests that the 
enhancement in nanosuspension is not correlated with solubilisation or to a wetting effect 
of the stabilizer (poloxamer 188) on the drug, but due to decrease of particle size to 

























Fig. 5. Dissolution profiles of micronized ibuprofen (–□–), physical mixture of ibuprofen and poloxamer 
188 (1:1) (–■–), granules composed of micronized ibuprofen and powder mixture granulated with 
poloxamer 188 solution in the mixer (–●–), and  granules prepared in top-spray chamber either with 
dispersion of micronized ibuprofen in poloxamer 188 solution (–○–) or  nanosuspension (–▲–) as 
granulating liquid.  
 
4. Conclusions 
The results obtained in this study demonstrate that the melt emulsification method 
constitutes a viable alternative for preparing ibuprofen nanosuspensions. The particle size 
can be influenced by varying the process and its parameters, such as drug concentration, 
type and concentration of stabilizers, cooling conditions, and homogenization procedure. 
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The major advantage of the melt emulsification technique relative to the solvent diffusion 
method is total avoidance of organic solvents during the production process. Further, it 
has been shown that formulating ibuprofen as a nanosuspension is highly successful in 
enhancing dissolution rate. The rate proved to be higher for smaller drug particles, thus 
influencing the bioavailability of the drug and improving safety for the patient by 
decreasing gastric irritancy.  
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Povečana biološka aktivnost estradiola (E2) stimulira proliferacijo celic, kar vodi v 
nastanek in napredovanje raka dojke. Inhibitorji 17β-hidroksisteroid dehidrogenaze (17β-
HSD) tipa 1 zavirajo encim, ki sodeluje v biosintezi estradiola (E2), zato so potencialne 
protitumorne učinkovine. V raziskave smo vključili dve novi, težko topni učinkovini in z 
in vitro testom na človeškem rekombinantnem encimu potrdili njuno inhibitorno 
aktivnost. Inhibitorja smo prvič vgradili v nanodelce iz poli(ε-kaprolaktona) in na celični 
liniji T-47D ugotavljali njihov učinek v primerjavi s prostima inhibitorjema. Ugotovili 
smo, da učinkovini v suspenziji nimata biološkega učinka; poleg tega pa je bila stabilnost 
inhibitorjev v vodnem mediju majhna. Po vgrajevanju učinkovin v nanodelce in testiranju 
na celični liniji T-47D, ki izraža tarčni encim, smo ugotovili zmanjšano proliferacijo in 
spremenjeno morfologijo celic kar je bil verjetno odraz biološkega učinka vgrajenih 
inhibitorjev. Ti rezultati kažejo, da se z vgrajevanjem v nanodelce stabilnost učinkovin 
poveča in da lahko tako pripravimo terapevtsko uporabno farmacevtsko obliko za vnos 
težko topnih inhibitorjev, ki sami v dovolj veliki koncentraciji ne dosežejo mesta 
delovanja in zato ne sprožijo inhibitornega učinka. 
 
Ključne beside: PCL nanodelci, inhibitorji 17β-HSD tipa 1, znotrajcelična dostava učinkovin
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Abstract 
Increased estradiol (E2) biological activity stimulates cell proliferation, leading to 
development and progression of breast cancer. Inhibitors of type 1 17β-hydroxysteroid 
dehydrogenase (17β-HSD) enzyme inhibit E2 biosynthesis and therefore have potential 
anticancer activity. Two new poorly water soluble inhibitors were included in our 
research and their inhibitory activity was confirmed in an in vitro assay on human 
recombinant type 1 17β-HSD enzyme. For the first time, we have formulated poly(ε-
caprolactone) (PCL) nanoparticles loaded with inhibitors and investigated their effect 
using T-47D cell line. The effects of suspensions of the inhibitors we also tested, but did 
not exert any biological effect. Besides that, inhibitors had low stability in aqueous 
medium. Evaluation of inhibitors in nanoparticles on T-47D cells, which express the target 
enzyme, showed reduced cell proliferation and changes in cell morphology most 
probably due to biological effect of incorporated inhibitors. Poorly soluble inhibitors 
usually do not reach the site of action in concentration high enough to exert inhibitory 
effect, however, these results show that we can increase drug stability and prepare 
therapeutically useful dosage form of poorly soluble drugs using nanoparticulate 
formulation. 
 
Keywords: PCL nanoparticles, type 1 17β-HSD inhibitors, T-47D cells, intracellular drug 
delivery
Petra Kocbek: Doktorska disertacija                                                                                                   Poglavje 2 
 91 
1 Introduction 
Breast cancer is the most frequent type of cancer in women and the second most 
frequent cause of cancer death [1]. Most breast cancers (about 95%) are hormone-sensitive 
in their early stage, where estrogen estradiol (E2) plays an important role in the genesis 
and development of the tumor [2]. There are two main possibilities to block the E2 effect in 
breast cancer. The first is the use of anti-estrogens, which act by binding to the estrogen 
receptor ERα, and the second is the inhibition of enzymes involved in E2 biosynthesis [2].  
The key enzyme in biosynthesis of E2 is type 1 17β-hydroxysteroid dehydrogenase (17β-
HSD) (EC 1.1.1.62), which catalyzes the formation of a potent E2 from less active estrogen 
estrone (E1), thereby acting as a molecular switch [3]. The balance between E1 and E2 is 
also regulated by other reductive 17β-HSDs (types 7 and 12) that form the potent E2 and 
by type 2 17β-HSD, the enzyme with the opposite, oxidative, activity [4-6]. The 
concentration of estrogens in breast tissue depends on uptake of estrogens from the 
circulation and local transformation of inactive precursors; the latter predominates in 
tumors [7]. In normal breast cells type 1 17β-HSD acts together with type 2 17β-HSD [8], 
while, in breast cancer tissue, the reductive type 1 17β-HSD activity prevails over the 
oxidative type 2 17β-HSD activity, thus maintaining high levels of E2 locally, and leading 
to increased cell proliferation [4,8,9]. Recently, higher expression of type 1 17β-HSD was 
detected in metastases as compared to primary tumors, suggesting that breast tumors 
with a high capacity for E2 production are more likely to metastasize [10]. Therefore, 
inhibitors of type 1 17β-HSD would be beneficial to block the local production of E2 in 




















PCL                   I-1                         I-2 
Figure 1: Chemical structures of PCL polymer and model drugs I-1 and I-2 representing type 1 17β-
HSD inhibitors. 
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Up to now many potential type 1 17β-HSD inhibitors with different chemical 
structures were synthesized and in vitro tested for their inhibitory activity [11,12]. 
Unfortunately, many of these drug candidates that exhibit high inhibitory potency are 
poorly soluble in water. Therefore, a cosolvent, such as dimethyl sulfoxide (DMSO), is 
usually used in a preliminary biological screening on isolated enzymes to obviate 
solubility problems. However, in further studies using cell cultures or animal models such 
co-solvents are unacceptable Therefore, there is a need of a non-toxic vehicle that would 
permit assessment of biological activity of drug candidate itself, without interfering 
effects of organic co-solvents. For solubilization of a certain drug candidate there are more 
or less specific approaches, which can be used only in compliance with certain 
requirements determined by the drug and route of administration. Besides this, the great 
challenge is to create a new formulation to overcome solubility and stability problems.  
The recent development in cancer therapy is focused on nanoscale delivery systems such 
as polymeric nanoparticles, which can also often  enhance drug stability and 
bioavailability [13,14]. The polymer protects the drug molecules and, after administration, 
potentially target and then release the drug in a controlled, predictable manner [15,16]. 
Such nanosized systems can accumulate at tumor site due to its leaky vasculature which 
possesses an enhanced ability for the uptake of nanoparticles up to 400 nm in diameter, 
also known as the enhanced permeability and retention (EPR) effect [15-17]. It has been 
demonstrated that a significant improvement in drug specificity of action can be reached 
upon its incorporation into nanoparticles, resulting in decreased side and toxic effects on 
healthy tissues [15].  
Since type 1 17β-HSD is located in the cytoplasm of malignant epithelial breast 
tumor cells [18], effective intracellular delivery of type 1 17β-HSD inhibitors is crucial to 
reduce E2 concentration in the tumor cells (Fig. 2). This goal can be achieved using 
nanoparticle formulation, since nanoparticles can enter tumor cells by endocytotic process 
allowing the drug to be released into the interior of the cells, thus contributing to the 
increase in the drug concentration near its site of action [15]. Therefore, it can be assumed 
that incorporation of inhibitors in nanoparticles increases their biological effect. However, 
to date there is no information regarding formulation of type 1 17β-HSD inhibitors in 
nanoparticles.   
In previous studies various trans-cinnamic acid esters were synthesized, 
chemically characterized and their biological activity was evaluated on 17β-HSD from 
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fungus Cochliobolus lunatus [19,20]. Assays were carried out in phosphate buffer 
containing 1% DMSO. Among tested compounds, phenyl-3-(3,4,5-
trimethoxyphenyl)prop-2-enoate (compound I-1) and benzyl-3-phenylprop-2-enoate 
(compound I-2) showed the lowest IC50 values, indicating the highest inhibitory activities 
(Fig. 1). In that preliminary screening of compounds fungal enzyme was used as a model 
enzyme for human type 1 17β-HSD [19,20].  
 
 
Figure 2: Schematic representation of 17β-HSD inhibition inside the cell with an inhibitor delivered by 
nanoparticles intracellularly. 
 
The aim of this work was firstly to confirm inhibitory activity of I-1 and I-2 on 
human enzyme, therefore, their effect was tested on human recombinant type 1 17β-HSD 
overexpressed in E. coli. Afterwards, we formulated nanoparticles with new type 1 17β-
HSD inhibitors I-1 and I-2 and investigated, if incorporation into poly(ε-caprolactone) 
(PCL) nanoparticles brings any biological benefit over free compounds. PCL was chosen 
as a suitable biocompatible and biodegradable polymer, known for its slow degradation 
rate, which ensures prolong release of incorporated drug at target site. Prepared PCL 
nanoparticles were characterized regarding their average particle size, surface charge, 
morphology, drug loading and entrapment efficiency. Internalization and intracellular 
localization of nanoparticles, their effect on viability and morphology of target cell line 
were also evaluated. Breast cancer cell line T-47D was used for studying inhibitory 
activity of I-1 and I-2, since it resembles the situation in hormone dependent breast cancer. 
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This cell line is known for its expression of type 1 17β-HSD and estrogen receptor ERα 
[7,21].  
 
2 Materials and methods 
2.1 Materials 
The model drugs with chemical names phenyl-3-(3,4,5-trimethoxyphenyl)prop-2-
enoate (I-1) and benzyl-3-phenylprop-2-enoate (I-2) are trans-cinnamic acid esters (Fig. 1) 
were synthesized in our laboratory by Sova et al. and characterized using NMR, mass 
spectroscopy, IR spectroscopy, and elemental analyses [20]. 
Polycaprolactone (PCL, Mw ~ 14,000), acetone, acetonitrile, poloxamer 188 (Lutrol 
F68), estrone (E1), coumarin-6, paraformaldehyde, Dulbecco’s Modified Eagle’s Medium 
(DMEM), L-glutamine, Antibiotic-Antimycotic stabilized solution, Triton X-100  and 
Trypsin-EDTA solution were obtained from Sigma-Aldrich (St. Louis, MO, USA) and 
acetonitrile (HPLC) and ethyl acetate from J. T. Baker (Phillipsburg, NJ). Foetal Bovine 
Serum (FBS), E. C. Approved, and Charcoal Stripped FBS were purchased from Gibco 
(Invitrogen Corporation, Carlsbad, CA, USA). CellTiter 96® AQueous One Solution Cell 
Proliferation Assay was from Promega (Madison, WI, USA). ProLong® Antifade Kit and 
CellTracker Blue were purchased from Molecular Probes (Carlsbad, CA, USA), trehalose 
dihydrate was from Quadrant Holdings (Cambridge, England) and fluorescent stain 
Hoechst 33342 from Riedel-de Haen (Seelze, Germany). 3H-labelled estrone (2,4,6,7-
3H(N)) was obtained from Perkin Elmer (Boston, MA, USA). 
 
2.2 Preparation of PCL nanoparticles 
The nanoparticles were prepared by partially modified solvent displacement 
method previously described by Chawla et al. [17]. Briefly, 60 mg of PCL was dissolved in 
10 mL of acetone using ultrasound bath and the solution was slowly injected into 50 mL 
of 0.3% (w/v) poloxamer 188 water solution under moderate magnetic stirring. The 
resulting nanoparticle dispersion was stirred for 24 h at room temperature to evaporate 
the acetone. Then, nanoparticles were freeze-dried (Christ Beta 1-8 K, Germany) using 
0.25 – 10 % (w/v) trehalose or mannitol as a cryoprotectant.  
Drug-loaded nanoparticles were prepared by a similar procedure. A known 
quantity of the drug was dissolved in acetone along with the PCL before injection into 
aqueous solution of stabilizer which resulted in entrapment of the drug within polymeric 
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matrix that was formed due to its limited solubility in the aqueous phase.  The drug to the 
polymer weight ratio was 1 to 9.  
To prepare fluorescently-labeled nanoparticles, 9.6 µg/mL of coumarin-6 was 
added to the solution of PCL polymer in acetone before injection into water solution of 
stabilizer. Being a hydrophobic dye, coumarin-6 was sufficiently entrapped in the PCL 
nanoparticles.   
 
2.3  Characterization of nanoparticles 
2.3.1 Particle size and zeta potential analysis 
The mean particle size and the width of the particle size distribution 
(polydispersity index, PI) were determined by photon correlation spectroscopy using 
Zetasizer 3000 (Malvern Instruments, Worcestershire, UK). The size and PI were 
determined for PCL nanoparticles before and after freeze-drying. Freeze-dried samples 
were dispersed in deionised water prior measurement. The analysis was performed at a 
scattering angle 90° at a temperature of 25 °C using samples appropriately diluted with 
highly purified water.    
The particle surface charge was quantified as zeta potential by laser Doppler anemometry 
using Zetasizer 3000. Before measurement, freeze-dried nanoparticles were dispersed in 
water solution of sodium chloride with conductivity of 50 µS/cm. All measurements were 
made in triplicate. 
 
2.3.2 Surface morphology 
The surface morphology of the formulated nanoparticles was visualized by 
scanning electron microscopy (SEM). Before observation, powdered samples of freeze-
dried nanoparticles were fixed onto metallic studs with double-sided conductive tape 
(diameter 12 mm, Oxon, Oxford instruments, UK). A Supra 35 VP (Oberkochen, Zeiss, 
Germany) scanning electron microscope was used with an acceleration voltage of 1.00 kV 
and a secondary detector. 
 
2.3.3 Drug loading and entrapment efficiency 
Drug loading means the weight percentage of incorporated active ingredient to the 
total mass of nanoparticles. Entrapment efficiency is the ratio of experimentally 
determined drug content in nanoparticles to the amount of drug used for the preparation 
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of nanoparticles. The drug entrapment efficiency was expressed as the percentage of drug 
incorporated with respect to the total amount of the drug in an aliquot of nanoparticle 
dispersion: 
Entrapment efficiency (%) = (mT-mF)/mT x 100 
where mT was total mass of drug in nanoparticle dispersion and mF was mass of free 
drug. The drug loading is expressed as the amount of the drug entrapped per milligram 
of nanoparticles. 
The aqueous solubility of I-1 and I-2, total amount of the drug in nanoparticle 
dispersion and the amount of free drug in dispersion medium were determined by HPLC 
analyses. For solubility studies  suspension of compound I-1 or I-2 was ultrasonicated for 
15 min, filtered (pore size 0.45 µm) and amount of dissolved drug was determined by 
HPLC. Amount of drug in nanoparticles was determined as follows. 6 mL of acetonitrile 
was added to 0.4 mL of nanoparticle dispersion in a 10 mL measuring flask and sonicated 
for 15 min in ultrasound bath to dissolve the nanoparticles. Afterwards, water was added 
up to 10 mL and the sample was analyzed by HPLC to determine the total amount of the 
drug. The amount of free drug was determined after centrifugation of 1.5 mL aliquots of 
nanoparticles at 28,000 rpm for 20 min at 4 °C (Sigma 3K30, Sigma Laborzentrifugen 
GmbH, Osterode, Germany).  
The analysis were performed using a HPLC system (Agilent 1100 Series, Hewlett 
Packard, Waldbron, Germany) equipped with an ODS Hypersil reverse phase column (5 
µm, 250 mm x 4 mm; Thermo Fisher Scientific) thermostated at 25 °C. Mobile phase 
consisted of acetonitrile and water in ratio 60:40 (v/v) and was used at a constant flow 
rate of 1 mL/min. The injection volume was 50 µl. Compound I-1 was detected at 313 nm 
and I-2 at 279 nm using UV detector. The linearity range for the quantification of the I-1 
was from 0.86 to 43.20 µg/mL with a determination coefficient R2 = 1 and from 1.18 to 
59.20 µg/mL for I-2 with a determination coefficient R2 = 1.  
 
2.4 Cell culture 
The hormone-sensitive breast cancer cell line T-47D was purchased from European 
Collection of Cell Cultures (ECACC, Salisbury, UK). Cells were cultured in DMEM 
medium, supplemented with 10% (v/v) FBS, 2 mM glutamine, 100 U/mL penicillin and 
100 µg/mL streptomycin in a humidified atmosphere of 5% CO2 in air, at 37 °C. For 
viability and internalization experiments charcoal-stripped FBS was used, since it is free 
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of estrogen. Growth medium was additionally supplemented with a physiological 
concentration of E1 (5 nM), which is the  substrate for type 1 17β-HSD, the enzyme studied 
in our research work.  
Cell morphology of control and treated cells was observed using an inverse phase 
contrast microscope (Olympus CKX41, Japan) and photographed by a digital camera 
(Olympus, model NO. C-7070, Japan). 
 
2.5   Determination of inhibitory activity on human recombinant type 1 17β-HSD  
pQE30-type 1 17β-HSD (kinly provided by Dr. Jerzy Adamski (GSF, Neuherberg, 
Germany)) was transferred into the BL21-CodonPlus (DE3)-RIL Escherichia coli strain. The 
cells were then grown in 2YT medium containing 100 µg/mL ampicilin, at 37 °C in a 
rotary shaker, until an OD600 of 1.0 had been reached. Expression of type 117β-HSD was 
induced by IPTG at a final concentration 0.5 mM, and the incubation was continued for 2 
hours at 37 °C. Bacteria were resuspended in PBS, sonicated and cell homogenate was 
used as a source of recombinant enzyme. Inhibition assays were carried out in 100 mM 
phosphate buffer (pH 6.5) in the presence of 1% acetonitrile as co-solvent. The 
concentration of substrate (3H-labelled E1 (2,4,6,7-3H(N) and unlabelled E1) in reaction 
solution was 62 nM (close to the Km value determined in our laboratory; unpublished 
results). Cofactor NADPH was used in final concentration of 100 µM. Compounds I-1 and 
I-2 were dissolved in acetonitrile and added in 60 nM, 600 nM and 6 µM concentrations. 
Reactions were performed at 37°C and stopped with ethyl acetate after the time needed to 
convert approximately 30% of the substrate in a control assay (in absence of inhibitor). 
Substrate and product were extracted from the reaction mixture in ethyl acetate. The 
organic phase was removed under the vacuum. The residue was dissolved in acetonitrile 
and separated on a reversed phase (C18) HPLC column with mobile phase of acetonitrile 
and water in ratio 40:60 (v/v) at 1 mL/min. Assays were performed in triplicates and 
results are means of assays.  
 
2.6 Internalization  of nanoparticles into T-47D cells 
T-47D cells were seeded on glass cover-slips in 6-well culture plate at a density of 2 
x 104 cells/cm2 in 700 µl of growth medium and allowed to attach for 24 h. Then, 300 µl of 
coumarin-6-loaded PCL nanoparticle dispersion in growth medium was added and the 
samples were further incubated for predetermined time intervals. Final concentration of 
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nanoparticles in cell culture was 200 µg/mL. After incubation time the media was 
removed and plates were washed with PBS (pH 7.4). The cells were fixed with ice-cold 4% 
paraformaldehyde in PBS for 10 min and permeabilized with 0.25% Triton X-100 for 10 
min. Cell nuclei were stained with DNA intercelating dye Hoechst 33342 (5 µg/mL) for 30 
min in the dark. After the final wash individual cover-slips were mounted on glass slides 
with ProLong® Antifade Kit to prepare long-term stable slides. Fluorescence microscopy 
was then performed using Olympus IX/81 inverted fluorescence microscope (Olympus, 
Tokyo, Japan) equipped with a Dapi/FITC/TxRed filter set (E0435016) capable of 
distinguishing between the green (coumarin-6 in nanoparticles) and blue (stained cell 
nuclei). Images were analyzed using CellR Imaging software. 
For live-cell imaging of nanoparticle uptake T-47D cells were cultured in Lab-
TekTM chambered coverglass system (Nunc GmbH & Co. KG, Germany) and the same 
concentration of nanoparticles was added to the cell culture as described above. After 
incubation time of 4, 5, 8 and 11 days cells were observed under the microscope.  
 
2.7 Cell viability determination 
The effect of drug loaded nanoparticles on T-47D breast cancer cells was evaluated 
using CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, 
USA) according to the manufacturer’s instructions. The assay is based on conversion of 
[(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium; inner salt] (MTS) into soluble colored formazan product by mitochondrial 
dehydrogenase enzymes in metabolically active cells. The absorbance intensity of the 
sample serves as an indicator of cell viability. Briefly, 7,3x103 cells per well were seeded in 
70 µL of medium in 96-well plates. Cells were allowed to adhere for 24 h, at which time 30 
µL of nanoparticle dispersion or drug solution in 0.5% (v/v) dimethyl sulfoxide (DMSO) 
or drug suspension in growth medium was added. The final concentrations of I-1 and I-2 
added in form of drug-loaded nanoparticles, solution or suspension were 25, 50 or 100 µM 
and concentrations of plain nanoparticles were 100, 200 and 400 µg/mL. Cell viability was 
determined after 24 or 48 h as follows. 10 µL of MTS reagent was added per well and 
following 3 h incubation at 37 °C in humidified, 5% CO2 atmosphere the absorbance was 
measured at 492 nm using a microplate reader (Safire2 TM Tecan, Switzerland). To measure 
background absorbance, set of cell-free control wells containing the same volumes of 
culture medium, same concentration of plain or drug-loaded nanoparticles or drug in 
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solution (suspension) and MTS reagent as in the experimental wells was prepared. 
Background absorbance was subtracted from sample absorbance values. Cell viability was 
expressed as percentage of the absorbance of untreated cells: 
Cell viability (%) = ((AS-ASo)/(AC-ACo)) x 100 
where AS was the absorbance of treated cells, AC was the absorbance of untreated cells 
(control), ASo was the absorbance of the test dispersion in medium without cells, and ACo 
was the absorbance of the medium without cells.  
 
2.8 Statistical analysis  
Data are expressed as a mean ± S.D of at least three independent experiments. 
Differences between samples were statistically examined using the appropriate non-
parametric test (the unpaired, two-tailed Student’s t-test). Significance was tested at the 
0.05 level of probability.   
 
3 Results and discussion 
3.1 Nanoparticle preparation and characterization 
The solubilities of I-1 and I-2 in water are 1.1 µg/ml and 1.8 µg/ml, respectively, as 
determined in our study. Therefore, the amount of the drug that will reach target site 
from suspension is expected to be limited due to poor aqueous solubility of I-1 and I-2. 
However, incorporation into polymeric nanoparticles can increase their intracellular 
delivery. 
In our work polymeric PCL nanoparticles were formed due to quick diffusion of 
organic solvent into water phase. Results of evaluated physicochemical properties of 
prepared nanoparticles such as mean diameter, size distribution, morphology, and 
surface charge are presented in Table 1. All nanoparticle formulations had a mean 
diameter in the range of 130 to 170 nm with low polydispersity. However, SEM image 
revealed nanoparticles of various diameters, clearly indicating a polydisperse 
distribution. This result is consistent with observations of others reporting that low PI 
determined by PCS measurements does not always mean monodisperse particle size 
distribution [22]. SEM image (Fig. 3) revealed regular spherical shape of PCL 
nanoparticles. Incorporation of I-1 into PCL matrix slightly decreased particle size 
compared to plain PCL nanoparticles, while I-2 loading did not have any significant effect 
on mean particle size.  
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 Figure 3: SEM image of PCL nanoparticles. 
 
All PCL nanoparticles showed negative surface charge (Table 1) as also reported 
by other authors [23,24]. Absolute value of zeta potential around 30 mV is favourable 
regarding the stability of colloidal system and, furthermore, surface charge plays an 
important role in  interactions of nanoparticles with cells and intracellular trafficking of 
internalized nanoparticles [25].  
As a sterical stabilizer for preparation of PCL nanoparticles poloxamer 188 
(polyethylenoxyde-polypropylenoxyde-polyethylenoxyde triblock copolymer) was used. 
The solvent displacement method facilitates instant adsorption of poloxamer when 
organic solution of polymer (and drug) is introduced into aqueous solution containing the 
stabilizer [26]. It has been established that poloxamers strongly adsorb onto hydrophobic 
surface of nanoparticular systems via their hydrophobic polypropylenoxyde centre block 
[27]. Hydrophilic polyethylenoxyde ends stay extended outwards from the particle 
surface and stabilize the particle dispersion by a repulsion effect through a steric 
mechanism of stabilization involving both entalpic and entropic contributions. 
 
Table 1: Mean particle size, polydispersity index and zeta potential of plain (NPs) and drug-
loaded nanoparticles (I-1 NPs; I-2 NPs). 
 











NPs 160.5 +/- 0.7 0.140 +/- 0.064 - 28.6 +/- 1.3 / / 
I-1 NPs 135.9 +/- 4.2 0.112 +/- 0.058 - 28.7 +/- 1.5 94,5 78.9  
I-2 NPs 162.4 +/- 3.8 0.178 +/- 0.025 - 29.4 +/- 1.0 110,6 86.1  
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Using the same mass ratio of inhibitor and polymer for nanoparticle preparation, 
drug loading was slightly higher for I-2 compared to I-1 as presented in Table 1. Drug 
entrapment efficiency was high for both model drugs (Table 1) indicating that the method 
of nanoparticle preparation is appropriate for hydrophobic compounds. Drug entrapment 
efficiency was higher for I-2- compared to I-1-loaded nanoparticles, which can be 
correlated with chemical structure of incorporated drugs. Based on calculated value of 
partition coefficient (logP) using Molinspiration miLogP (www.molinspiration.com), I-2 is 
more hydrophobic (miLogP = 4.121), therefore has a higher tendency for association with 
PCL polymer compared to the model drug I-1 which has a slightly more hydrophilic 
character (miLogP = 3.262) resulting in lower entrapment efficiency. PCL (Fig. 1) is a 
highly hydrophobic biodegradable polyester that is widely used in drug delivery 
applications [17]. It degrades very slowly in the absence of enzymes in vitro and in vivo as 
well [17]. High permeability of PCL and lack of toxicity has made PCL and its derivatives 
well suited for colloidal drug delivery. 
HPLC analysis of I-1 and I-2 in aqueous solution after 24 h revealed appearance of 
additional peaks in chromatograms, indicating instability of dissolved compounds in 
aqueous solution. Therefore, it is important that the drug reaches the target site 
immediately after release from carrier system in order to exert the desired effect. 
Intracellular delivery with polymeric nanoparticles can overcome this problem, since the 
entrapped drug is protected by polymeric matrix and is released inside the cell.  
To prepare stable nanoparticle formulation the nanoparticle samples were freeze-
dried. The goal of this process was dry, easily redispersible product with preserved drug 
stability and particle size. Therefore, the efficacy of two different cryoprotectants, namely 
trehalose and mannitol, in various concentrations was evaluated. Size measurements of 
redispersed freeze-dried samples showed that trehalose is more effective, since increase in 
mean particle size was significantly smaller compared to mannitol samples (Fig. 4). 
Trehalose concentrations above 0.5% (w/v) did not yield any additional improvement in 
preservation of particle size, therefore, 0.5% (w/v) trehalose was chosen for freeze-drying 
of drug-loaded nanoparticles.  
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Figure 4: Particle size of redispersed freeze-dried nanoparticles using trehalose or mannitol at different 
concentrations as cryoprotectants. Label BFD denotes the sample of nanoparticles before freeze-drying 
and 0 denotes redispersed nanoparticles freeze-dried without cryoprotectant. 
 
3.2 PCL nanoparticles successfully reach intracellular compartment 
To ascertain if PCL nanoparticles can enter the tumor cells and thus deliver drug 
cargo intracellurarly, nanoparticle internalization was studied under fluorescent 
microscope using fixed or living T-47D cells. Nanoparticles loaded with fluorescent dye 
coumarin-6 were used for uptake studies.  
Figure 5A shows localization of nanoparticles near cell membrane after 2 h of 
incubation, whereas longer incubation time (4 h) resulted in nanoparticle localization 
throughout the cell cytoplasm (Fig. 5B). Microscopic observation of living cells incubated 
with coumarin-6loaded nanoparticles (Fig. 5C), showed intracellular localization of 
nanoparticles from early beginning until the end of observation -11 days after addition of 
nanoparticles to the cell culture. Moreover, green fluorescence arising from nanoparticles 
entrapped inside the cells was also detectable in dead cells. These results, confirming 
successful intracellular delivery of polymeric nanoparticles, are in accordance with 
previous studies, which demonstrated that nanoparticles could be detected inside the 
cytoplasm of cells even 14 days after nanoparticle incubation with cells [28]. Retention of 
nanoparticles inside the target cells is very important to achieve prolonged drug release 
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and consequently, prolonged inhibition of intracellular target enzyme. On the basis of 
these results, it can be expected, that internalization and intracellular retention of drug-
loaded PCL nanoparticles will lead to effective inhibition of type 1 17β-HSD, resulting in 
reduced cell proliferation.  
 
     
  
 
Figure 5: Internalization of coumarin-6 loaded PCL nanoparticles into T-47D breast cancer cells after 2 
h (A) and 4 h (B) of incubation. Live-cell imaging of nanoparticle uptake after incubation time of  5 days 
(C). Cell nuclei were stained blue using Hoechst 33342 dye. Green fluorescence corresponds to the  
coumarin-6 incorporated in nanoparticles.  
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Particle size is an important property that affects intracellular uptake of 
nanoparticles and release rate of an incorporated substance. In general, higher uptake is 
characteristic for smaller particles [25]. Particles with mean size around 200 nm, as in our 
formulations, can accumulate in tumor site due to EPR effect and are small enough to be 
taken up by tumor cells. Mechanisms leading to internalization of nanoparticles into T-
47D cells were not studied in scope of this research; however it has been assumed that the 
cell uptake of nanoparticles is primary mediated by endocytotic process [29]. 
Furthermore, tumor cells exhibit enhanced endocytotic activity [30,31] therefore, in vivo, 
nanoparticles can be preferentially taken up by tumor cells. 
 
3.3 Inhibition of human recombinant type 1 17β-HSD  
In previous studies inhibitory activity of I-1 and I-2 was determined on fungal 17β-
HSD as a model enzyme. To confirm their potential to inhibit human type 1 17β-HSD 
their effect was examined on human recombinant type 1 17β-HSD too. Extent of enzyme 
inhibition was tested at three different concentrations of I-1 and I-2. Results are presented 
in Table 2, indicating similar effect for both investigated compounds.  Extent of enzyme 
inhibition was under 10% for I-1 and I-2 at 60 nM concentration of inhibitors. At 600 nM 
concentration inhibition with I-1 was still under 10%, meanwhile, inhibition with  I-2 
reached 10%. At the highest tested concentration (6 µM)  extent of inhibition was 32% for 
I-1 and 35% for I-2, confirming their inhibitory activity. The inhibitory activity determined 
on human type 1 17β-HSD slightly differ from results gained on fungal enzyme, where I-2 
showed to be a better inhibitor (IC50 = 7 µM) compared to I-1 (IC50 = 17 µM). Since 
concentration of substrate E1 in this study was 12-times higher than physiological 
concentration used in the following assays on breast cancer cells and the concentration of 
inhibitory compounds was much lower, it can be assumed that the extent of enzyme 
inhibition in cancer cells was even higher. Both estrogens, E2 as well as E1 can activate 
estrogen receptor, although E1 is much less active. Therefore, for evaluation of type 1 17β-
HSD inhibitors the concentration of the substrate E1 in growth medium must be kept low 
enough to avoid direct proliferation via estrogen receptors and high enough to sustain 
enzymatic conversion to E2 leading to a type 1 17β-HSD-dependant proliferation as 
reported by Husen et al. [32].  
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Table 2: Inhibitory activity of I-1 and I-2 at various concentrations towards human 
recombinant type 1 17β-HSD enzyme. Compounds were dissolved in phosphate buffer in 
presence of 1% acetonitrile as a co-solvent.  The concentration of substrate (3H-labelled E1 
(2,4,6,7-3H(N) and unlabelled E1) in reaction medium was 62 nM.  
 
 Percentage of inhibition* 
Compound 60 nM 600 nM 6 µM 
I-1 < 10 < 10 32 
I-2 < 10 10 35 
* Percentage of inhibition was expressed as: 100 (1 –vi/v0), where vi was reaction velocity of enzymatic reaction 
in the presence of inhibitor and v0 was reaction velocity without inhibitor. 
 
3.4 Type 1 17β-HSD inhibitors incorporated in nanoparticles reduce cell proliferation 
The effect of compounds I-1 and I-2, free or incorporated in polymeric 
nanoparticles, was tested in vitro using breast cancer cell line T-47D. This cell line is 
known for its expression of type 1 17β-HSD enzyme, the molecular target for the 
investigated model inhibitors [7, 21]. Drug in suspension  or in 0.5% (v/v) aqueous DMSO 
solution, plain nanoparticles and drug-loaded nanoparticles, were tested for possible 
cytotoxic or proliferative activity on T-47D cells (Fig. 6). Suspensions of I-1 and I-2 in 
growth medium were prepared and added to the cells in various concentrations. No effect 
on cell viability was observed after 24 or 48 h , indicating inability of suspended and/or 
partially dissolved drug to exert influence on metabolic activity of investigated cells (Fig. 
6A).  
In case of I-1 or I-2 solution in growth medium with 0.5% (v/v) DMSO cell 
viability was significantly reduced compared to control cells (Fig. 6B). DMSO was used as 
a cosolvent to enhance drug solubility in growth medium, since it dissolves a wide range 
of polar and nonpolar organic compounds [33]. However, the presence of DMSO itself 
reduced cell viability for about 10% in 24 h. Therefore, the effect of the solvent and the 
effect of drug contributed to the measured effect of the drug solution. However, the effect 
was significantly bigger in case of aqueous DMSO drug solution compared to the effect of 
DMSO alone for I-2 (100 µM) after 24 h and for I-1 (100 µM) and I-2 (50 and 100 µM) after 
48 h, indicating the drug inhibitory activity.  































































































































Figure 6: Viability of cells treated with drug in suspension (A); drug in solution of growth medium in 
presence of 0.5% DMSO (B); plain and drug-loaded nanoparticles (C); plain and drug-loaded 
nanoparticles in absence of E1 in medium (D) after 24 h (black columns) and 48 h (white columns) of 
incubation. The viability assay was performed using DMEM supplemented with charcoal stripped FBS 
and 5 nM E1 as a growth medium. In case of drug in solution medium was additionally supplemented 
with 0.5% v/v) DMSO. Significant differences from the control are denoted by * P < 0.05. 
 
Plain PCL nanoparticles in concentrations of 100 and 200 µg/mL showed no 
significant effect on cell viability, whereas viability of the cells was significantly reduced 
in the presence of nanoparticles in concentration of 400 µg/mL (Fig. 6C). Figure 6C also 
indicates significantly reduced cell viability after addition of I-2-loaded nanoparticles in 
all tested concentrations and 24 or 48 h incubation, whereas I-1-loaded nanoparticles 
showed significant effect only after incubation time of 48 h. The effect of I-1-loaded 
nanoparticles compared to plain nanoparticles in similar concentrations (e.g. 400 µg/mL 
plain nanoparticles corresponds to 100 µM I-1-loaded nanoparticles) was significantly 
higher, indicating the effect of the drug on cell viability. Nevertheless, the effect of the 
same total drug concentration (100 µM) on cell viability after 48 h was the smallest for 
drug in suspension, bigger for aqueous DMSO drug solution and the biggest for drug-
loaded nanoparticles. Improved inhibition of 17β-HSD in case of drug-loaded 
nanoparticles is expected due to delivery of higher amount of inhibitor into target cells 
compared to drug in solution or suspension and their prolonged intracellular release from 
polymeric matrix. It has been suggested that the dose of the drug and its retention at the 
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intracellular site of action determine the magnitude and duration of the therapeutic effect 
of the drug [28]. 
Reduced viability determined by MTS assay of cells treated with drug-loaded 
nanoparticles or high concentration of plain nanoparticles indicated reduced cell 
proliferation. Furthermore, in the absence of E1, physiological substrate for type 1 17β-
HSD, in growth medium no difference (P < 0.05) in viability between control cells and 
cells treated with drug loaded nanoparticles was observed (Fig. 6D). Therefore, the effect 
on cell viability can be attributed to the drug induced inhibition of type 1 17β-HSD and 
consequently reduced formation of E2 and its action through estrogen receptor  ERα, 
leading to decreased proliferation of cancer cells. Our results are in line with observations 
published by Panyam and Labhasetwar quoting significantly greater and more sustained 
inhibition of cell proliferation by dexamethasone-loaded nanoparticles as compared to the 
drug solution [28]. 
 
3.5  Nanoparticles loaded with new type 1 17β-HSD inhibitors alter the cell 
morphology 
Observation of T-47D cells in presence of I-1-nanoparticles (Fig. 7A) under 
inverted light microscope showed decreased number of cells compared to the control (Fig. 
7D) and changed cell morphology. Cell shape was irregular and thin in presence of drug-
loaded nanoparticles. In case of I-2-loaded nanoparticles (Fig. 7B) the change in cell 
morphology was less pronounced. Since plain nanoparticles (Fig. 7C) did not cause any 
changes of cell morphology, the effect on cell shape can be attributed to the presence of 
the drug.  
I-1 crystals were observed under inverted light microscope in case of aqueous 
DMSO drug solution (50 and 100 µM), while addition of same drug amount incorporated 
in nanoparticles did not show any drug crystals (Fig. 8). This observation indicates that 
crystallization of poorly water soluble drug after administration can be avoided or 
reduced using drugs incorporated in polymeric nanoparticles. 
 
Petra Kocbek: Doktorska disertacija                                                                                                   Poglavje 2 
 109 
 
Figure 7: Representative morphology of T-47D cells: in presence of I-1--loaded nanoparticles (50 µM) 
(A), I-2-loaded nanoparticles (50 µM) (B), in presence of plain PCL nanoparticles (200 µg/mL) (C) and 
control cells (D) after 48 h of incubation in presence of 5 nM E1. Changes in cell morphology can be 
seen for cells incubated with I-1-loaded and less pronounced with I-2-loaded nanoparticles. Images were 




Figure 8: Drug crystals in a culture of T-47D cells 24 h after addition of I-2 in aqueous solution in 
presence of 0.5% (v/v) DMSO (100 µM concentration). 
  
To conclude, in this research work effective uptake of nanoparticles into breast 
cancer cells T-47D was confirmed, indicating possibility to deliver incorporated inhibitor 
into cell cytoplasm, where it is released and inhibits target enzyme. Furthermore, the 
Poglavje 2                                                                                                   Petra Kocbek: Doktorska disertacija   
 110
effect of delivered inhibitors resulted in reduced cell proliferation most probably due to 
inhibition of type 1 17β-HSD and consequently reduced activity of E2 through estrogen 




This research work showed that intracellular delivery of I-1 and I-2 incorporated in 
polymeric nanoparticles effectively decreases proliferation of T-47D breast cancer cells, 
whereas inhibitors added in a suspension are unable to exert such an effect. I-1 and I-2 in 
solution with 0.5% (v/v) DMSO also reduced cell viability but the effect was mainly due 
to the presence of organic solvent. We have shown that compounds I-1 and I-2 inhibit 
human recombinant type 1 17β-HSD and that in the absence of E1, physiological substrate 
for type 1 17β-HSD, no difference in proliferation of T-47D cells was observed. Therefore, 
the effect on cell viability can be most probably attributed to the drug induced inhibition 
of type 1 17β-HSD that leads to decreased proliferation. Besides internalization, PCL 
polymer protects the incorporated drug against degradation in aqueous medium and 
enables its sustained release inside the cells. Furthermore, in vivo, formulated 
nanoparticulate delivery system could be preferentially distributed in the tumor tissue 
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Povzetek 
Razvoj novih sistemov za dostavo učinkovin je dandanes velik izziv farmacevtske 
tehnologije. Sodoben in obetajoč pristop predstavlja uporaba lektinov. Lektini so proteini 
ali glikoproteini, ki imajo v strukturi vsaj eno domeno s katero prepoznajo in se 
reverzibilno vežejo na specifični mono- ali oligosaharid. Interakcije med lektini in 
sladkorji so specifične, saj jih lahko primerjamo z interakcijami encim–substrat ali 
antigen–protitelo. Za dostavo učinkovin imajo velik pomen bioprepoznavne lastnosti 
lektinov, ki interagirajo s specifičnimi sladkorji glikoproteinov mukusa ali glikokaliksa 
celic in vodijo do mukoadhezije, citoadhezije in/ali citoinvazije. Tako predstavlja uporaba 
lektinov možnost ciljanega dostavljanja učinkovin v tarčne celice in tkiva po različnih 
poteh dajanja (oralno, peroralno, pulmonalno, okularno). Uporaba lektinov nudi 
perspektivno možnost za dostavo proteinskih učinkovin, vakcin in terapevtskih genov. 
Ciljanje dosežemo tako, da pripravimo konjugate učinkovine z lektini tj. lektinizirano 
predzdravilo, ali pa modificiramo površino nanodelcev, mikrosfer ali liposomov  tako, da 
nanje pripnemo molekule lektina. Kljub številnim prednostim lektinov, pa moramo biti 
pri izbiri lektinov za dostavo učinkovin pozorni na toksičnost in imunogenost določenih 
lektinov. 
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Abstract 
Very promising and up-to-date approach in development of new drug delivery 
systems represents an application of lectins. Lectins are proteins or glycoproteins which 
have in structure at least one carbohydrate recognition-domain that is capable to bind 
reversibly to specific mono- or oligosaccharide. Interactions between lectins and sugars 
are highly specific, comparable to those between the enzyme and substrate, or antigen 
and antibody. Great importance of lectins in bioadhesive drug delivery arises from their 
biorecognition properties making them possible to interact with specific sugars in the 
mucus or cell glycocalix, leading to the mucoadhesion, citoadhesion and/or citoinvasion. 
Furthermore, lectins can be used as ligand molecules directing various delivery systems 
to specific cells and tissues following different routes of application such as oral, peroral, 
pulmonal, or ocular. They offer possibility for delivery of protein drugs, vaccines and 
therapeutic genes. Targeting can be achieved by conjugating lectins to specific drugs 
(lectinized prodrugs) or attaching them to the surface of nanoparticles, microsferes or 
liposomes. Despite many advantages lectins should be used by caution since some of 
them might attest with toxicity or immunogenicity.  
 
Keywords: lectins, bioadhesion, drug targeting, prodrugs, carrier systems 
Petra Kocbek: Doktorska disertacija                                                                                                   Poglavje 3 
 119 
 1 Uvod 
 
Začetki lektinologije segajo v leto 1888, ko je Stillmark ugotovil, da izvleček iz 
ricinusovih semen povzroči aglutinacijo eritrocitov (1). Nato so snovi s podobno biološko 
aktivnostjo, ki so jih izolirali iz rastlin, poimenovali hemaglutinini (2). Ko so opazili, da 
nekateri hemaglutinini selektivno aglutinirajo krvne celice glede na krvne skupine AB0, 
so te hemaglutinine poimenovali lektini. Beseda lektini izvira iz latinske besede »legere«, 
kar pomeni izbrati; torej lektini selektivno izberejo vezalno mesto na glikoziliranih 
površinah (3, 4). Dandanes so lektini definirani kot proteini ali glikoproteini, ki imajo v 
strukturi vsaj eno domeno s katero prepoznajo in se reverzibilno vežejo na specifični 
mono- ali oligosaharid. Ali drugače, lektini so receptorji za sladkorne molekule (2, 3, 5, 6). 
Nekateri lektini so zgrajeni iz podenot z različnimi vezalnimi mesti za sladkorje. Lektini 
so v naravi zelo razširjeni. Izolirali so jih iz mikroorganizmov, rastlin in živali, virusov, 
bakterij, alg, gliv, telesnih tekočin vretenčarjev in celičnih membran sesalcev (7). 
Interakcije med lektini in sladkorji so zelo specifične, saj jih lahko primerjamo z 
interakcijami encim–substrat ali antigen–protitelo (5,8). Lektini se lahko vežejo na proste 
sladkorje ali na določene sladkorne komponente polisaharidov, glikoproteinov ali 
glikolipidov, prostih ali vezanih v celičnih membranah (slika 1).  
Interakcije med sladkorji in lektini na celični površini imajo pomembno vlogo v 
človeškem organizmu pri procesih kot so opsonizacija mikrobov, fagocitoza, aktivacija in 
diferenciacija celic, adhezija in migracija celic, apoptoza idr.. Tudi patogene bakterije in 
bakterije, ki so del normalne mikrobne flore, se pritrjujejo včasih na zelo specifičen del 
črevesa preko interakcij med lektini in določenimi sladkorji (5, 6). Tovrstne možnosti 
izkoriščajo za razvoj lektiniziranih dostavnih sistemov (DS). 
 
2 Vloga lektinov  pri ciljani dostavi učinkovin 
 
Zelo specifične interakcije med lektini in  sladkorji so temelj uporabe parov lektin-
oligosaharid za ciljano dostavo učinkovin. V osnovi ločimo dva načina takšnega ciljanja. 
Pri prvem načinu t.i. neposrednem ciljanju je oligosaharid del DS. Endogeni lektini na 
površini celic prepoznajo sladkorni del DS, ki je neke vrste »naslov« za ciljano dostavo 
učinkovin v tarčne celice. Na podlagi sladkorne kode lahko lektini tarčnih celic 
prepoznajo, vežejo in internalizirajo lektiniziran DS (9). DS  pripravimo s kovalentno 
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vezavo sladkorjev na polimere in druge aglikone. Namenjeni so predvsem zdravljenju 
virusnih obolenj, imunski terapiji, nadomestnemu encimskemu zdravljenju in genskemu 
zdravljenju (5).  
 
Slika 1: Zgradba  celične membrane, kjer so sladkorji vezani na membranske proteine in lipide zunanje 
strani celične membrane. 
Figure 1: Schematic presentation of cell membrane structure. Sugars are bound to membrane proteins 
and lipids on the extracellular side of the cell membrane. 
 
Drugi način t.i. reverzno ciljanje predstavlja obratni mehanizem prvega. DS je na površini 
prekrit z molekulami eksogenega lektina s specifičnostjo za določen sladkor. V ta namen 
se večinoma uporabljajo rastlinski lektini. Takšen DS lahko vstopa v interakcije s 
sladkornimi deli endogenih proteoglikanov, glikoproteinov ali glikolipidov na površini 
celic (9). 
Glede na literaturne podatke je mnogo bolj poznano in raziskovano pripenjanje 
lektinov na DS, ki specifično prepozna sladkor na ciljnem mestu, kot pripenjanje 
sladkorjev na DS, ki jih specifično prepoznajo endogeni lektini na tarčnem mestu. Tako je 
tudi vsebina tega članka usmerjena k t.i. reverznemu ciljanju.    
 
3 Bioadhezija, mukoadhezija in citoadhezija 
 
Razvoj lektiniziranih DS temelji na natančnem poznavanju interakcij med 
sladkornimi ligandi na površini celic in lektini. Za dostavo učinkovin imajo velik pomen 
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bioprepoznavne lastnosti lektinov preko interakcij s specifičnimi sladkorji, rezultat česar 
so mukoadhezija, citoadhezija in/ali citoinvazija (9). 
Bioahezija je sposobnost medsebojne vezave dveh komponent od katerih je vsaj 
ena biološka (10). Tako definiran izraz je zelo širok in obsega mukoadhezijo in 
citoadhezijo. Mukoadhezija pomeni vezavo na mukus, ki prekriva sluznice, citoadhezija 
vezavo neposredno na celično površino (slika 2).  
Ideja o bioadhezivnih dostavnih sistemih sega kakšnih dvajset let nazaj (11) in še 
vedno predstavlja  izziv za številne raziskovalce. Kljub prednostim poznanih 
bioadhezivnih polimerov, le-ti niso brez pomanjkljivosti, saj se vežejo na ciljno mesto z 
nespecifičnimi fizikalno-kemijskimi interakcijami kot so van der Waalsove in vodikove 
vezi. Takšni polimeri, kot so hitosan, natrijev alginat, karboksimetilceluloza, 
hidroksipropilceluloza idr., pri vezavi ne ločijo med slojem mukusa, ki prekriva celično 
površino, in med mukusom, ki je že odluščen, ter med površinami drugih komponent 
črevesne vsebine. Ciljano vezavo mukoadhezivnega DS na tarčno mesto na površini 
sluznic lahko tako preprečijo predhodne interakcije z drugimi komponentami. 
Pomanjkljivost takšnega DS je poleg nespecifičnih interakcij tudi vezava na sloj mukusa, 
ki prekriva sluznice, in ne neposredna vezava na površino epitela, kjer poteka absorpcija. 
Čas zadrževanja takšnega mukoadhezivnega pripravka na vezalnem mestu je omejen s 
časom obnavljanja mukusnega sloja (1–3 ure) (6).  
 
 
Slika 2: Interakcije lektinov  s celicami, vstop v celice  in prehod skozi enterocite (9). 
Figure 2: Lectin interactions with cells, entry into the cells and crossing through the enterocytes (9). 
 
V nasprotju z mukoadhezijo (slika 2A), ki temelji na nespecifičnih interakcijah med 
verigami mukoadhezivnih polimerov in mukusom, predstavljajo interakcije med lektini 
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in sladkorji na površini celic korak naprej pri dostavi učinkovin, saj je vezava lektinov na 
tarčno mesto zelo specifična (slika 2B) (6, 9). Za proces citoadhezije lektinov je značilno, 
da so interakcije zelo specifične in jih lahko primerjamo s specifičnostjo interakcij med 
antigenom in protitelesom. Prednost citoadhezije pred mukoadhezijo je neposredna 
vezava  na površino celic, kar pomaga pri prehajanju epitelijskih absorpcijskih barier. 
Prednosti takšnih DS so:  
(i) podaljšano zadrževanje neposredno na površini celic, neodvisno od 
obnavljanja mukusnega sloja,  
(ii) sprožanje in sodelovanje pri vezikularnih transportnih procesih (endo- in 
transcitoza) in  
(iii) sprememba permeabilnosti epitela z receptorsko posredovanim odpiranjem 
tesnih stikov med epitelijskimi celicami (8). 
 
3.1 Mukoadhezivne lastnosti rastlinskih lektinov 
Prebavni trakt sesalcev prekriva sloj mukusa, ki deluje kot drsilo; lajša gibanje 
himusa in ščiti pod njim ležeče tkivo pred delovanjem želodčnega soka, proteazami, 
patogenimi mikroorganizmi in tudi pred mehanskimi poškodbami (12). Pri človeku je 
debelina mukusnega sloja v različnih delih prebavnega trakta zelo različna in se giblje od 
50–500 µm v želodcu do 50–150 µm v kolonu (13). V povprečju tvori mukus v prebavnem 
traktu človeka sloj z debelino 192 µm (3). Mucini so glikoproteini z molekulsko maso 
večjo od 2 x 106 Da in so tvorilci gela (9). Glikoproteini črevesnega mukusa vsebujejo 77,5 
% ogljikovih hidratov sestavljenih iz N-acetil-galaktozamina, N-acetil-glukozamina, 
galaktoze, fukoze in sialične kisline (3). Mucini predstavljajo le 0,5–4,0 % mase mukusa. 
Poleg mucinov in vode (~ 95 %) vsebuje mukus tudi soli (0.5–1 %), proste beljakovine (1 
%), lipide in odluščene epitelijske celice (14).   
Značilnosti interakcij med lektini in mucini so specifičnost, pH-odvisnost in 
reverzibilnost. Pri proučevanju interakcij med fluorescenčno označenimi analogi 
rastlinskih lektinov in glikoproteini želodčnega mukusa prašičev so ugotovili, da vpliva 
na vezalno kapaciteto mucinov za lektine pri nevtralnem pH poleg števila specifičnih 
vezalnih mest tudi njihova sterična dostopnost. Ugotovili so, da imajo prašičji želodčni 
mucini največjo vezalno kapaciteto med preskušanimi lektini za aglutinin iz pšeničnih 
kalčkov (»wheat germ agglutinin«, WGA), saj se le-ta veže na sialično kislino, ki je 
pogosto terminalni del linearnih ali razvejanih glikoproteinov (12).  
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Vsebnost nativnih glikoproteinov je v želodčnem mukusu prašičev primerljiva z 
vsebnostjo glikoproteinov v črevesnem mukusu človeka, zato želodčni mukus prašičev 
uporabljajo v in vitro študijah za proučevanje interakcij med lektini in mukusom. Iz 
dobljenih rezultatov lahko sklepamo na interakcije med mucini in lektini v prebavnem 
traktu človeka (12). Rezultati interakcij med WGA in prašičjimi želodčnimi mucini so 
pokazali največjo stopnjo vezave pri pH 5, kar pomeni, da se po peroralnem dajanju 
večina WGA veže v zgornjem delu duodenuma. Tako lahko sklepamo, da se le majhen 
delež lektiniziranega DS zaradi vezave na želodčni mukus ne adsorbira na mukus v 
tankem črevesu (9).  
Čeprav predstavlja mukusni sloj difuzijsko bariero, so lahko mucini »lovilci« za 
lektinizirane DS zaradi specifičnih interakcij z lektini. Mukoadhezija lektiniziranih DS 
predstavlja prvo stopnjo v procesu ciljane dostave učinkovin. V raziskavah so ugotovili, 
da so interakcije med mucini in WGA reverzibilne, zato se lahko lektini sprostijo z 
mucinov in se specifično vežejo na prosta vezalna mesta na površini celičnih membran (6, 
12).  
 
3.2 Citoadhezivne  lastnosti rastlinskih lektinov 
Klasični polimerni mukoadhezivni DS se vežejo na mukus, kjer se učinkovina 
sprosti. Lektinizirani sistemi ciljajo dostavo učinkovin neposredno na celično površino 
enterocitov, kjer poteka absorpcija. Specifične interakcije med lektini in sladkorji 
glikokaliksa skrajšajo difuzijsko razdaljo, ki jo mora preiti učinkovina v procesu 
absorpcije. Hkrati pa velika lokalna koncentracija učinkovine na samem mestu absorpcije 
poveča koncentracijski gradient in s tem hitrost absorpcije ter zmanjša razgradnjo 
učinkovine z encimi v svetlini prebavnega trakta (5, 15). 
Z namenom, da bi ocenili vezalno kapaciteto za lektine in proučili vzorec 
glikozilacije humanim enterocitom podobnih celičnih linij (Caco-2, HT-29, HCT-8), celic 
karcinoma prostate (Du-145) in celic karcinoma mehurja (5637) so s pretočno citometrijo 
in fluorimetrijo ugotavljali interakcije določenih lektinov z različnimi sladkorji (16, 17). 
Ugotovili so, da imajo celične linije največjo vezalno kapaciteto za lektin iz Triticum 
vulgare. WGA se ne veže le na rakave celice kolona, ampak tudi na humane kolonocite. 
Le-ti imajo petnajst krat manjšo vezalno kapaciteto za WGA, še zmeraj pa nudijo veliko 
število vezalnih mest za lektinizirane DS (17).  
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Raziskave vezave WGA na izolirane receptorje za epidermalni rastni dejavnik 
(EGF) in na in vitro model intestinalnega epitela (monosloj Caco-2 celic) so potrdile, da 
EGF-receptorji sodelujejo pri citoadheziji WGA (19). Ključna vloga EGF-receptorja pri 
vezavi lektinov odpira dve zanimivi področji za uporabo WGA pri dostavi učinkovin (15):  
1.  EGF-receptor je prekomerno izražen pri številnih rakavih obolenjih (npr. rak jeter, prsi, 
pljuč, mehurja), zato lahko pričakujemo, da bodo z WGA lektinizirana predzdravila ali DS 
primerni za ciljano dostavo protitumornih učinkovin.  
2.  Celice, ki imajo izražen EGF-receptor so prisotne tudi v večini zdravih tkiv, zato lahko 
citoadhezivne lastnosti vezanega lektina omogočijo receptorsko pot privzema učinkovin 
in s tem povečanje njihove biološke uporabnosti. 
 
4 Modificirana dostava učinkovin z lektini 
 
Sluznice prebavnega, dihalnega in urogenitalnega trakta ter očesna sluznica,  
nudijo dve tarčni mesti za dostavo učinkovin s pomočjo lektinov: gelski sloj mukusa in 
glikokaliks epitelijskih celic.  
Mukus prekriva večino epitelov, kjer poteka absorpcija, in je prvo tarčno mesto za 
lektinizirane sisteme. Kadar lektiniziran DS preide sloj mukusa, je glikokaliks celic 
sekundarno tarčno mesto. Glikokaliks sestavljajo sladkorni deli proteoglikanov, 
glikolipidov in glikoproteinov, ki so zasidrani v lipidni dvosloj celičnih membran (15). 
Različne vrste celic imajo na površini izražene različne sladkorje. Prav tako se po vzorcu 
glikozilacije med seboj razlikujejo zdrave od obolelih celic (npr. rakavih). Tako lahko z 
uporabo lektinov dosežemo ciljano dostavo učinkovin v specifične celice in tkiva (1, 6). 
 
4.1 Privzem lektinov v celice 
Vezavi lektiniziranih DS na membrane celic lahko sledi citoinvazija, ki jo sprožijo 
lektini. Privzem lektiniziranih DS v celice povzroči sprostitev vezalnih mest za lektine na 
površini celic. Rezultat je lahko pospešen intracelularni privzem lektiniziranih DS (6, 12), 
ki se lahko v celici razgradijo ali pa sledi transcelularni transport (3). V nasprotju s 
citoadhezijo, ki je konstantna in neodvisna od temperature, sta za proces privzema v 
celice potrebna povišana temperatura in daljši čas, kar so ugotovili z in vitro študijami 
vezave WGA na Caco-2 celice. Povečana fluidnost celičnih membran igra ključno vlogo 
pri privzemu lektinov v celice (3, 15). Glavna značilnost citoinvazije (slika 2C), ki jo 
Petra Kocbek: Doktorska disertacija                                                                                                   Poglavje 3 
 125 
sprožijo lektini, je aktiven transport. V skladu z ugotovitvijo, da je receptor za EGF 
vezalno mesto za lektine, lahko privzem lektinov pripišemo receptorski endocitozi. Kar 60 
% WGA se po vstopu v celice nahaja v lizosomih. Ta lizosomska pot (slika 2 C in D) v 
celici je primerna za dostavo učinkovin, ki so stabilne v kislem. Učinkovina se iz 
lektiniziranega DS sprosti, ko pride do razgradnje ogrodja DS v lizosomih tarčnih celic (3). 
Receptorska pot privzema v celice omogoča premostitev epitelijske absorpcijske bariere 
po peroralnem dajanju, lahko pa jo izkoristimo tudi za prevajanje signalov v celice z 
namenom sprožanja vezikularnih transportnih procesov v ali skozi polarizirane 
epitelijske celice (2).  
Receptorsko posredovan privzem učinkovin, vključno z lektinizacijo in ciljanjem 
glikoziliranih zunajceličnih domen membranskih receptorjev, je obetajoč pristop za 
povečanje absorpcije učinkovin z majhno biološko uporabnostjo. Veliko raziskovalnega 
dela pa je še potrebno, da bi ugotovili prednosti in slabosti takšnega ciljanja v in vivo 
pogojih. 
 
4.2 Transcitoza lektinov 
Na Caco-2 celicah so proučevali transport fluorescenčno označenih delcev z 
velikostjo 50 nm, ki so imeli na površini vezane lektine. Ugotovili so, da s pripenjanjem 
WGA na površino nanodelcev dosežejo povečanje transcitoze za 20 %. Podobne izsledke 
so dobili tudi v raziskavah s konkavalinom A (slika 3) (20).  
 
 
Slika 3: Struktura kompleksa konkavalina A s trisaharidom manoze (7). 
Figure 3: Structure of concavalin A in complex with the trisaccharide of mannose (7). 
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Rezultati torej kažejo, da lektinizacija površine koloidnih dostavnih sistemov 
poveča njihov transcelularni transport (slika 2D) v in vitro pogojih.  Nekateri strokovnjaki 
menijo, da tudi v in vivo pogojih pride do transcitoznega transporta lektinov, kar potrjuje 
detekcija aglutinina iz arašidov (lektin prisoten v prehrani) v periferni venski krvi (2). 
 
5 Lektinizirana predzdravila  
 
Lektinizirano predzdravilo je zgrajeno iz lektina kot dela namenjenega ciljanju 
specifičnih sladkorjev, učinkovine kot aktivnega dela in distančnika, ki povezuje oba dela 
(slika 4). Topnost takšnega predzdravila v vodnem okolju je pogoj za njegovo absorpcijo. 
Kadar lektiniziramo lipofilne učinkovine, zagotavlja topnost konjugata v vodi hidrofilni 
del, ki ga predstavlja lektin. Z izbiro ustreznega distančnika, ki povezuje molekulo 
učinkovine in lektin, lahko dosežemo sproščanje učinkovine pod točno določenimi pogoji 
(9). Kot primer lahko navedemo konjugat doksorubicina in WGA s cis-akonitinskim 
distančnikom, ki je nestabilen v kislem. Učinek ciljanja rakavih celic kolona s takšnim 
predzdravilom je posledica velike vezalne kapacitete rakavih celic kolona za WGA in 
sproščanja citostatika šele, ko le-ta doseže kislo okolje v lizosomih tarčnih celic (21).  
 
 
Slika 4: Shematski prikaz  lektiniziranega predzdravila in  njegovih interakcij z glikokaliksom 
enterocitov (3). 
Figure 4: Schematic presentation of lectin-grafted prodrug  and its interactions with the glycocalyx of 
enterocytes (3). 
 
Za učinkovito peroralno dostavo proteinov so potrebne oblike, ki preprečujejo 
inaktivacijo in izboljšajo absorpcijo takšnih učinkovin. Da bi odkrili, ali z lektini 
Petra Kocbek: Doktorska disertacija                                                                                                   Poglavje 3 
 127 
posredovana citoadhezija in citoinvazija poveča absorpcijo proteinov, so s stabilno 
amidno vezjo povezali fluorescenčno označen goveji serumski albumin in WGA ter 
spremljali vezavo in vstop takšnega konjugata v Caco-2 celice. Izsledki kažejo, da WGA 
vpliva na privzem proteinov velike molekulske mase v celice in da lahko z uporabo 
lektinov premostimo membransko bariero pri dostavi proteinskih učinkovin (22). 
 
6 Nosilni sistemi  
 
Lektinizirani nosilni sistemi so DS pri katerih je površina rezervoarja (kot so 
mikrodelci (23), nanodelci (24) ali liposomi (25)) z vgrajeno učinkovino  prekrita z lektini. 
Lektini na površini tako vodijo rezervoar z učinkovino na samo mesto absorpcije (slika 5). 
 
 
Slika 5: Shematski prikaz  lektiniziranega nosilnega sistema z vgrajeno učinkovino  in njegovih 
interakcij z glikokaliksom enterocitov (3). 
Figure 5: Schematic presentation of lectin-grafted carrier system with incorporated drug and its 
interactions with the glycocalyx of enterocytes (3). 
 
Vgrajevanje učinkovin v ustrezne nosilne sisteme zaščiti učinkovine pred škodljivimi 
vplivi okolja (pH-vrednost, encimi). Hkrati je količina vgrajene učinkovine v nosilnem 
sistemu večja v primerjavi s količino učinkovine v predzdravilu, zato z dajanjem 
učinkovine vgrajene v mikrodelce, nanodelce ali liposome lažje dosežemo terapevtske 
koncentracije kot pri dajanju učinkovine v obliki predzdravila. Nadalje lahko ogrodje 
nosilnega sistema, omogoča nadzorovano sproščanje učinkovine (3). Modifikacija 
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takšnega »trojanskega konja« z lektini pa lahko pripelje učinkovino neposredno na 
glikozilirano površino epitelijskih celic in sproži privzem DS v celice.  
V procesu specifičnega ciljanja oligosaharidov z lektini so mucini prvo tarčno 
mesto. V kakšnem obsegu prevlada mukoadhezija nad ciljanjem sladkorjev glikokaliksa je 
odvisno od velikosti dostavnega sistema. Nanodelci preidejo skozi sloj mukusa, medtem 
ko mikrodelce večje od 1 µm zadrži sloj viskoznega mukusa (13, 26, 27). Po drugi strani so 
reverzibilne interakcije med mucini in lektini lahko prednost, saj zadrževanje DS v 
gelskem sloju mukusa upočasni hitrost potovanja lektinizirane oblike skozi prebavni trakt 
(9). 
Prednost lektiniziranih koloidnih sistemov pred večjimi DS so tudi citoinvazivne 
lastnosti, ki so posledica lektinskega plašča. Osnovni pogoj, da lahko pripravimo 
lektinizirane nosilne sisteme, je prisotnost reaktivnih funkcionalnih skupin na površini 
delcev na katere lahko kovalentno vežemo izbrane lektine (28). Sinteza novih 
biorazgradljivih polimerov z reaktivnimi funkcionalnimi skupinami predstavlja tako 
korak naprej v razvoju lektiniziranih DS (29). 
V študijah so proučevali možnost uporabe različnih lektinov (npr. WGA, 
konkavalina A) za izboljšanje transporta nanodelcev iz črevesa v krvni obtok. Ugotavljali 
so vpliv velikosti, gostote lektinov na površini delcev in prisotnosti inhibitorjev na 
privzem lektiniziranih nanodelcev (20).  Raziskave so pokazale, da ima največji vpliv na 
stopnjo privzema gostota lektinov na površini delcev, manjši vpliv pa imata velikost in 
vrsta vezanega lektina (5).   
Zanimivo je, da izkazujejo lektini vezani na nanodelce večjo stopnjo transcitoze kot 
prosti lektini. Stopnja transcitoze se poveča z naraščajočo gostoto lektinov na površini 
nanodelcev (20).  Ta ugotovitev kaže, da lektinizirani nanodelci verjetno sprožijo drugo 
pot prehoda skozi celice kot pa prosti lektini. Znanstveniki menijo, da lahko vezava 
lektinov na površino koloidnih delcev povzroči organizacijo receptorjev v skupke 
(klastre), kar vodi v povečan transcitozni prenos (3). 
Z lektini modificirana dostava učinkovin, ki vključuje aktivne transportne procese 
epitelijskih celic, lahko postane učinkovit način za povečanje biološke uporabnosti 
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7 Dejavniki, ki omejujejo peroralno uporabo lektinov 
 
7.1 Vpliv hrane in prebavnih encimov 
Ciljanje tarčnega mesta z lektini lahko ovirajo ogljikovi hidrati prisotni v običajni 
prehrani ljudi. Obseg takšne neželene vezave je odvisen od specifičnosti uporabljenih 
lektinov. Tako lahko pričakujemo, da bodo DS z vezanimi lektini s specifičnostjo za 
glukozo ali galaktozo v veliki meri inaktivirale komponente hrane preden dosežejo tarčno 
mesto, medtem ko bodo DS z vezanimi lektini s specifičnostjo za sladkorje, ki jih je v 
prehrani le malo ali jih ni, pripeljali takšen DS na tarčno mesto (9). 
Drug pomemben dejavnik povezan s peroralnim dajanjem je prisotnost 
proteolitičnih encimov v prebavnem traktu. Lektini kot del DS morajo biti odporni na 
encimsko razgradnjo, da lahko ohranijo sposobnost vezave na specifične sladkorje (9). 
Nekateri lektini (npr. WGA in lektin iz paradižnika) so odporni na kislo okolje in 
prisotnost proteolitičnih encimov v prebavnem traktu, kar sta dva temeljna pogoja za 
peroralno uporabo (3). 
 
7.2 Imunogenost lektinov 
Uporabnost lektinov v razvoju novih farmacevtskih oblik lahko zmanjšajo njihove 
antigenske lastnosti. Eksogeni lektini so organizmu tuji proteini z veliko molekulsko maso 
in rigidno strukturo, zato lahko pričakujemo, da bodo v telesu izzvali lokalni in/ali 
sistemski imunski odgovor (9). Rastlinski lektini se med seboj močno razlikujejo v 
imunogenosti. Na primeru lektina iz paradižnika so dokazali, da peroralno zaužitje 
povzroči tvorbo specifičnih protiteles tako pri miših kot pri človeku (30). Posledično lahko 
prisotna protitelesa IgG in IgA nevtralizirajo tisti del lektiniziranega DS, ki predstavlja 
»naslov« za specifično ciljanje, in tako zmanjšajo privzem lektiniziranih predzdravil ali 
nosilnih sistemov (9). 
Pri uporabi lektinov za dostavo učinkovin se moramo zavedati, da so že v krvi 
zdravih ljudi prisotna protitelesa proti proteinom v prehrani (tudi proti rastlinskim 
lektinom). Ugotovili so, da so interakcije protein-protein in ne interakcije ogljikov hidrat-
protein tiste, ki so vključene v interakcije med protitelesi in lektini. Ker vezava protiteles 
na lektine ne vpliva na aglutinacijske lastnosti lektinov, lahko sklepamo, da sta vezavno 
mesto, ki predstavlja antigensko determinanto, in vezavno mesto za ogljikov hidrat, 
različni (9).  
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Običajno je del lektina, ki se specifično veže na določen oligosaharid, le majhen del 
celotne lektinske molekule. Ta ugotovitev kaže perspektivno pot za razvoj (s tehnologijo 
rekombinantne DNA) veliko manjših, lektinom podobnih molekul (lektinomimetikov), ki 
bodo manj toksični in/ali imunogeni kot nekateri naravni lektini, ohranili pa bodo 
sposobnost specifične citoadhezije in/ali citoinvazije (9).  
Medtem ko je imunogenost nezaželen stranski učinek pri dostavi učinkovin, je 
imunostimulativni učinek nekaterih lektinov cilj peroralnega cepljenja. Vrsta imunskega 
odgovora, ki ga na tak način izzovemo, je močno odvisna od mesta absorpcije. Privzem 
antigena skozi Peyerjeve ploščice lahko povzroči lokalni imunski odgovor (IgA), medtem 
ko transport antigena skozi enterocite izzove sistemski imunski odziv (IgG) (3). Pri 
peroralnem cepljenju lahko vgradimo cepiva oz. antigene, ki povzročijo imunski odziv, v 
ustrezen DS. Imunski odziv pri dajanju takšnega pripravka je odvisen od deleža 
absorbiranega antigena. S pripenjanjem lektinov na površino DS lahko povečamo 
transport v točno določen tip celic, kar sproži večji imunski odgovor.   
Glikokaliks M celic se močno razlikuje od glikokaliksa enterocitov. Površino M 
celic prekriva tanjši sloj mukusa kot površino enterocitov kar olajša nanodelcem dostop 
do površine celic in omogoči povečnje trancitoznega transporta nanodelcev (13).  
 
7.3 Toksičnost lektinov 
Pred uporabo lektinov pri oblikovanju farmacevtskih oblik so nujne tudi študije 
varnosti le-teh. 30 % prehrane človeka, surove in kuhane, vsebuje sestavine z znatno 
hemaglutininsko aktivnostjo in v 53 užitnih rastlin najdemo lektine. Tako so nekateri 
lektini (npr. lektin iz paradižnika, WGA iz pšeničnih kalčkov) sestavni del človekove 
prehrane. Ti lektini naj bi bili z vidika toksičnosti za človeka varni. Obstajajo pa tudi 
podatki o znanih toksičnih učinkih določenih lektinov. Zelo znan primer povezan s 
toksičnostjo lektinov se je zgodil leta 1973 v Londonu. Sovjetska tajna služba je ubila 
tajnega agenta s konico dežnika, ki je bila prepojena z ricinom (3). Ricin (slika 6) je 
citotoksični protein iz semen rastline Ricinus communis, ki specifično in ireverzibilno 
blokira sintezo proteinov na ribosomih eukariontskih celic (31).  
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Slika 6: Struktura kompleksa prve domene podenote B ricina z laktozo (7). 
Figure 6: Structure of the first domain of the B-subunit ricin in complex with lactose (7). 
 
Dandanes še ni dokazana (ne)toksičnost uporabe lektinov za ciljano dostavo 
učinkovin. Večina razpoložljivih podatkov je rezultat spremljanja uživanja lektinov v 
prehrani. Tako strokovnjaki menijo, da mikrogramske količine lektinov, ki so potrebne za 
z lektini posredovano dostavo učinkovin, nimajo toksičnih učinkov. Ta trditev izhaja iz 
razpoložljivih podatkov uživanja WGA v običajni prehrani (9). 
Toksične učinke lektinov pa lahko izkoriščamo v terapevtske namene npr. v 
terapiji raka. Tako lahko lektin s toksičnim učinkom deluje kot molekula za specifično 
ciljanje določenega mesta oz. celic s specifičnim vzorcem glikozilacije, hkrati pa ima 




Kljub številnim vprašanjem, ki še zmeraj ostajajo neodgovorjena, je ideja uporabe 
lektinov pri dostavi učinkovin več kot aktualna. Ker lektini selektivno prepoznajo 
določene sladkorje, ki so sestavni del glikokaliksa epitelijskih celic, predstavlja 
oblikovanje lektiniziranih DS možnost selektivnega ciljanja določenega dela črevesa ali 
celo ciljanja določene vrste celic (npr. M celic). Citoadhezija in citoinvazija sta predpogoj 
za transcelularno absorpcijo, kar vodi v uspešno dostavo učinkovin, ki imajo drugače 
majhno biološko uporabnost. 
Poleg specifičnega prepoznavanja sladkorjev lahko lektini izboljšajo dostavo 
učinkovin v sistemski krvni obtok s sprožanjem receptorske endo- ali transcitoze. Z lektini 
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konjugirane učinkovine  ali lektinizirani DS povečajo dostavo učinkovin skozi sluznice 
tako, da podaljšajo čas zadrževanja na mestu absorpcije in vzpodbujajo privzem v 
enterocite.  
Koncept lektiniziranih dostavnih sistemov je aktualen zadnjih deset let. Omejitvam 
uporabnosti naravnih lektinov se lahko izognemo z modifikacijo lektinov z genskim 
inženiringom in biotehnologijo. Ekspresija rekombinantnih proteinov, ki imajo v strukturi 
vezavne domene za ciljanje absorpcijskega okna in sprožanje specifične endo- in 
transcitoze so možnosti, ki jih nudijo in izkoriščajo nove tehnologije za oblikovanje 
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Povzetek 
Ciljanje učinkovin na mesto njihovega delovanja še zmeraj predstavlja velik izziv v 
farmacevtskih raziskavah. V tem raziskovalnem delu smo izdelali imunonanodelce iz 
kopolimera mlečne in glikolne kisline (PLGA) za ciljanje invazivnih epitelijskih celic raka 
dojke. Kot ligand za ciljanje smo uporabili monoklonsko protitelo (mAb), ki smo ga na 
površino nanodelcev vezali kovalentno ali nekovalentno. Proučevali smo prisotnost 
liganda na površini nanodelcev, njegovo stabilnost in sposobnost prepoznavanja tarčnega 
antigena. Prisotnost mAb na površini nanodelcev smo potrdili z določanjem proteinov, 
površinsko plazmonsko resonanco, pretočno citometrijo in fluorescenčnim imuno-
barvanjem. S testom vezave na celični lizat smo ugotovili, da sposobnost prepoznavanja 
antigena ohranijo le protitelesa adsorbirana na površino nanodelcev. Takšni nanodelci z 
adsorbiranimi protitelesi so kazali večjo verjetnost vezave na tarčne celice kot sami 
nanodelci. V monokulturi tarčnih celic MCF-10A neoT smo ugotovili, da oba tipa 
nanodelcev vstopita v celice. V kokulturi celic MCF-10A neoT in Caco-2 pa smo opazili, 
da imunonanodelci vstopijo le v celice MCF-10A neoT, medtem ko sami nanodelci 
vstopijo v oba tipa celic, kar kaže na specifično ciljanje z nanodelci, ki so prekriti s 
protitelesi. Tako smo v našem delu predstavili metodo za vezavo monoklonskih protiteles 
na površino nanodelcev, ki nima škodljivega vpliva na njihovo sposobnost ciljanja. 
Rezultati kažejo tudi učinkovitost novega nosilnega sistema za ciljano dostavo majhnih ali 
velikih molekul učinkovin v tarčne celice ali tkiva.  
 






Podpisana Petra Kocbek izjavljam, da sva z Natašo Obermajer v enaki meri prispevali k 
nastanku tega članka. 
         
        Petra Kocbek  
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Abstract  
Targeting drugs to their sites of action is still a major challenge in pharmaceutical 
research. In this study, polylactic-co-glycolic acid (PLGA) immuno-nanoparticles were 
prepared for targeting invasive epithelial breast tumour cells. Monoclonal antibody 
(mAb) was used as a homing ligand and was attached to the nanoparticle surface either 
covalently or non-covalently. The presence of mAb on the nanoparticle surface, its 
stability and recognition properties were tested. Protein assay, surface plasmon 
resonance, flow cytometry and fluorescence-immunostaining confirmed the presence of 
mAb on nanoparticles in both cases. However, a binding assay using cell lysate revealed 
that the recognition properties were preserved only for nanoparticles with adsorbed mAb. 
These nanoparticles were more likely to be bound to the targeted cells than non-coated 
nanoparticles. Both types of nanoparticle entered the target MCF-10A neoT cells in mono-
culture. In co-culture of MCF-10A neoT and Caco-2 cells immuno-nanoparticles entered 
only MCF-10A neoT cells, while non-coated nanoparticles were taken up by both cell 
types, indicating specific targeting of coated nanoparticles. In conclusion, we demonstrate 
a method by which mAbs can be bound to nanoparticles without detriment to their 
targeting ability. Furthermore, the results show the effectiveness of the new carrier system 
for targeted delivery of small or large active substances into cells or tissues of interest.  
 
Keywords: nanoparticles, PLGA, active targeting, monoclonal antibody, cell co-culture 
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1. Introduction 
The field of therapeutics has seen an exponential growth in new molecular entities, 
ranging from low molecular weight drugs to macromolecules like proteins and genes. 
However, the ideal drug substance which interacts site-selectively with its molecular 
target at a therapeutically-relevant level has not yet been established, at least not in 
clinical practice. Some degree of site-selective delivery has been achieved only with 
“targeting homing drugs” that specifically recognize their pharmacological target [1]. An 
important impetus since 1975 has come from the development of monoclonal antibodies 
(mAb) and the exploitation of their targeting properties and hence therapeutic potential 
[2]. The specificity of delivery using nanoparticles was initially a coincidental property, 
active targeting has now become a central concept in therapeutic research. This concept 
has been developed into practical application with the construction of a variety of 
immuno-conjugates, also known as drug-attached antibodies (Abs) [3–7]. Certain mAbs 
have been shown to initiate specific signalling cascades, which can potentiate the 
therapeutic effect of the attached drug [8,9]. The latter has been confirmed for 
chemotherapeutic drugs and tumour-targeting antibodies [8]. However, the number of 
drug molecules that can be attached to an antibody molecule is usually the limiting factor 
for such a strategy, especially for low potency drug molecules [9,10]. For high potency 
drug molecules such as proteins, the coupling reaction could affect the pharmacological 
and immunological activities of the drug molecule, as well the in vivo fate [11].  
Nanoparticles with specific recognition ligands bound to the surface have a good 
potential for site-selective delivery, and offer higher drug carrier capacity than 
bioconjugates, as well as improved specificity for drug targeting [12]. The carrier material 
used can additionally protect the drug from premature release and degradation [13,14]. 
Ligands attached to the surface can include any molecule that selectively recognizes and 
binds molecules on target cells [9,15]. Of the different targeting ligands, such as peptides, 
glycoproteins, carbohydrates and polymers, mAbs have been the most widely studied [8].  
In our previous study we developed poly(lactic-co-glycolic acid) (PLGA) 
nanoparticles as a delivery system, and showed that they could be used to deliver a 
protein drug intracellularly more efficiently and faster than could be achieved with the 
free protein [16]. However, the formulated delivery system was not able to distinguish 
between different cells. We report here the preparation of PLGA nanoparticles designed 
specifically to target breast tumour cells. For this purpose we used a mAb recognizing the 
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specific profile of the cytokeratins expressed by these cells. Covalent and non-covalent 
binding were both employed to attach mAb to the surface of pre-formed PLGA 
nanoparticles. The amount of mAb attached to the nanoparticle surface, the stability and 
recognition properties of the formulated systems were all characterized, as well their 
ability to target and enter antigen-rich MCF-7 and MCF-10A neoT cells in mono-culture 
and, specifically, in co-culture with Caco-2 cells.  
 
2. Materials and methods 
2.1. Materials 
Poly(lactic-co-glycolic acid) (PLGA), 50:50, Resomer RGTM 503H) was obtained 
from Boehringer (Ingelheim, Germany), polyvinyl alcohol (PVA, MowiolTM 4-98) from 
Hoechst (Frankfurt, Germany), ethyl acetate from Merck (Darmstadt, Germany), EDC (1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide) from Fluka Chemie AG (Switzerland), 
Alexa Fluor® 546-labelled goat anti-mouse immunoglobulin and Blue Cell Tracker from 
Molecular Probes (Carlsbad, CA, USA), bovine serum albumin (BSA) and fluorescein 
from Sigma (St. Louis, MO, USA) and Coomassie Plus reagent from Pierce (Rockford, IL, 
USA). All reagents were of analytical grade. 
 
2.2. Monoclonal antibody preparation 
The mAb was prepared against soluble membrane proteins of MCF-7 human 
invasive ductal breast carcinoma [17]. We isolated the mAb from mouse hybridoma cell 
lines using the standard method of Koehler and Milstein [2]. It was purified from 
hybridoma culture medium by affinity chromatography on protein G-Sepharose 
(Pharmacia, Uppsala, Sweden). The mAb recognizes cytokeratins expressed in breast 
epithelial cell lines and breast tumour cells (manuscript in preparation). 
The mAb was labelled with Alexa Fluor® 546 dye following the procedure of the 
manufacturer (Molecular Probes, USA). Sodium bicarbonate was added to mAb solution 
and transferred to Alexa Fluor® 546 reactive dye for one hour. The labelled mAb was 
purified on the resin and stored at – 20 °C. 
 
2.3. Preparation of PLGA nanoparticles 
The procedure used to prepare nanoparticles was similar to that reported 
previously [18]. BSA was incorporated in nanoparticles as a model protein. 400 µl of 
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aqueous solution of BSA (10 mg/ml) was added to 2 ml of ethyl acetate containing 0.45 
mg fluorescein and 100 mg PLGA and the mixture stirred at 7,000 rpm (Homogeniser, 
Omni Labteh, Omni International Inc. Warrington, VA, USA) with simultaneous 
sonication (Ultrasonic bath: 500 W, 30 kHz, UZ 4P, Iskra, Šentjernej, Slovenia). After 2 min 
of emulsification, 8 ml of aqueous solution of PVA (5 %, w/w) was added to the w/o 
emulsion to form a w/o/w double emulsion and stirred further for 5 min. To solidify the 
nanoparticles, the organic solvent was extracted by stirring the double emulsion with 200 
ml of aqueous solution of 0.1 % (w/w) PVA at 5,000 rpm for 5 min. The resulting 
dispersion of nanoparticles was centrifuged at 15,000 rpm for 15 min (Ultracentrifuge 
Sorvall RC 5C plus, Maryland, USA), washed three times with purified water and freeze-
dried (- 57 °C, 0.090 mbar, 24 h) (Christ Beta 1-8K, Germany).  
 
2.4. Characterisation of nanoparticles 
Particle size and zeta potential analysis 
Freeze-dried nanoparticles were dispersed in deionized water. Their mean particle 
diameter and the width of the particle distribution (polydispersity index) were 
determined by photon correlation spectroscopy using a Zetasizer 3000 (Malvern 
Instruments, Worcestershire, UK). The particle charge was quantified as zeta potential by 




The surface morphology of the formulated nanoparticles was visualized by 
scanning electron microscopy (SEM). Before observation, powdered samples of freeze-
dried nanoparticles were fixed onto metallic studs with double-sided conductive tape 
(diameter 12 mm, Oxon, Oxford instruments, UK). A Supra 35 VP (Oberkochen, Zeiss, 
Germany) scanning electron microscope was used with an acceleration voltage of 1.00 kV 
and a secondary detector. 
 
2.5. Formulation of immuno-nanoparticles  
Adsorption 
Nanoparticles were dispersed in PBS, pH 5.0, (0.6 mg/ml) and a 600 µl aliquot was 
mixed with 200 µl of a solution of mAb (2 mg/ml) and adjusted to the volume of 500 µl 
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with phosphate buffer. MAb was adsorbed onto the nanoparticles at 4 °C for 24 h, then 
centrifuged at 10,000 rpm for 15 min (Eppendorf Centrifuge 5415) to separate immuno-
nanoparticles from free mAb. The sediment was washed with PBS, pH 7.4, and re-
dispersed in 500 µl of PBS, pH 7.4. The control was run the same way as the sample but 
PBS was used instead of mAb solution. 
 
Covalent binding 
For the covalent attachment of mAb onto the nanoparticle surface, EDC reagent 
was employed in this study. 4.5 µg of EDC was added to 360 µl of a mixture of 400 µg 
nanoparticles and 400 µg mAb. The molar ratio of EDC to mAb was approximately 8.8. 
The reaction mixture was stirred gently for two hours at room temperature. Excess linking 
reagent and soluble by-products were separated by centrifugation at 13,200 rpm for 10 
min, and the sediment was washed three times with 1 ml PBS, pH 7.4. Finally, immuno-
nanoparticles were re-dispersed in 100 µl of PBS and protein content determined by 
Bradford assay. Two controls were run in the same way as the reaction mixture, one 
lacking EDC, the other EDC and mAb.  
EDC is a convenient carbodiimide used to form a variety of chemical conjugates, 
provided one of the molecules contains a primary amine and the other a carboxylic group. 
EDC can react with a carboxylic acid group to form a highly reactive O-acylisourea 
intermediate. This active species can then react with a nucleophile such as a primary 
amine to form an amide bond.  The advantage of EDC is its water solubility, allowing 
direct addition of the reagent to the reaction mixture without prior organic solvent 
dissolution and is therefore suitable for conjugating bioactive molecules. In our case EDC 
was used to conjugate the primary amine group of mAb with the free carboxylic end 
group of PLGA nanoparticles, forming a connecting amide bond. Excess reagent and the 
isourea formed as the by-product of the cross-linking reaction are both water-soluble and 
can easily be removed [19].  
 
2.6. Determination of mAb on the surface of nanoparticles 
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Flow cytometry 
A dispersion of nanoparticles with Alexa Fluor® 546 labelled mAb was introduced 
directly into a flow cytometer and analyzed using FACSCalibur (Becton Dickinson, Inc., 
USA). As a control, non-coated nanoparticles were analyzed.  
 
Surface plasmon resonance 
Interaction of mAb-modified nanoparticles with protein A was monitored using 
Biacore X system (BIAcore, Uppsala, Sweden). An SA sensor chip with pre-immobilized 
streptavidin (BR-1003-98 BIAcore) was used to immobilize biotinylated protein A at a 
flow rate of 1 µl/min for 10 min. The reference cell was blocked with biotin (10 µM, 10 
min). The chip was then washed with 5 µl of 10 mM glycine buffer (pH 2.2) at a flow rate 
of 30 µl/min. Identical wash cycles were used to regenerate the chip between assays. 
mAb-modified or non-coated nanoparticles were dispersed in PBST buffer (PBS with 0.05 
% Tween 20; 0.475 mg/ml) and 5 µl was injected for each assay. All the steps were 
performed at 25°C with a flow rate of 1 µl/min in 0.05 % PBST running buffer.  
 
Protein assay 
The Bradford method with Coomassie dye was used. 300 µl of Coomassie Plus 
reagent was added to 10 µl of dispersion of nanoparticles, either mAb-coated or non-
coated, and after 10 min of incubation, the absorbance was measured at 595 nm using a 
microplate reader (Tecan GENios, Switzerland). The results were compared to a standard 
curve of BSA solution in the concentration range from 10 µg/ml to 750 µg/ml. 
 
Fluorescence microscopy 
A secondary Ab, Alexa Fluor® 546-labelled goat anti-mouse immunoglobulin, was 
used to identify the presence of mAb on the surface of nanoparticles. mAb-modified 
nanoparticles were treated with 0.5 µl of secondary Ab at room temperature for 2 h. The 
volume ratio between solution of secondary Ab and dispersion of immuno-nanoparticles 
was 1:1000.  Samples were centrifuged at 13,200 rpm for 15 min and washed twice with 1 
ml PBS to eliminate the excess secondary Ab. After final washing, the sediment was re-
dispersed in PBS at pH 7.4, and the fluorescence intensity of both fluorescent dyes 
(fluorescein: λex 494 nm and λem 525 nm, and Alexa Fluor® 546: λex 556 nm and λem 573 nm) 
was measured using a microplate reader (Safire2 TM Tecan, Switzerland). Furthermore, 
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localization of both fluorescent dyes was observed with fluorescence microscopy using a 
Carl Zeiss LSM 510 confocal microscope. Alexa Fluor® 546 and fluorescein were excited 
with an argon (488 nm) or He/Ne (543 nm) laser and the emission was filtered using a 
narrow band LP 505–530 nm (green fluorescence) and 560 nm (red fluorescence) filter. 
Images were analyzed using Carl Zeiss LSM image software 3.0. 
The stability of the complex of mAb adsorbed on nanoparticles labelled with 
secondary Ab was followed for 24 h in complete growth medium containing serum 
proteins and observed under the fluorescence microscope.  
 
2.7. Cell cultures  
MCF-7 and MCF-10A neoT cell lines originate from human breast epithelial cells. 
MCF-7 cells were obtained from American type culture collection (ATCC) (Rockville, 
Maryland, USA); MCF-10A neoT cells were provided by Prof. Bonnie F. Sloane (Wayne 
State University, Detroit, MI, USA).  Cells were cultured in monolayers to 80 % confluence 
in DMEM/F12 medium (1:1, v/v) supplemented with 2 mM glutamine, 10 µg/ml insulin, 
0.5 µg/ml hydrocortisone, 20 ng/ml epidermal growth factor, HEPES, antibiotics and 5 % 
fetal bovine serum at 37 °C in a humidified atmosphere containing 5 % CO2. For use in 
experiments 2.5 x 104 cells per well were seeded in a LabTek chambered coverglass system 
(Nalge Nunc International, Denmark) and allowed to attach for 24 hours prior to the 
assay.  
Caco-2 cells, originating from human colon adenocarcinoma cells, were obtained from 
ATCC. They were cultured to 80 % confluence in MEM medium supplemented with 2 
mM glutamine, 0.1 mM non-essential amino acids and 10 % fetal bovine serum at 37 °C in 
a humidified atmosphere containing 5 % CO2.  
To visualize the cells and distinguish between MCF-10A neoT cells and Caco-2 
cells in co-culture, Caco-2 cells were stained using the fluorescent dye Blue Cell Tracker 
(10 µM) according to the manufacturer’s protocol. 
A co-culture of MCF-10A neoT cells and Caco-2 cells was prepared by seeding 2 x 
104 Blue Cell Tracker labelled Caco-2 cells in a LabTek chambered coverglass system with 
1 x 104 MCF-10A neoT cells and allowing to attach for 24 h prior to the targeting assay. 
The seeding ratio between MCF-10A neoT and Caco-2 cells was 2:1 due to the slower 
doubling time of the latter.  
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2.8. Recognition properties of immuno-nanoparticles 
A preliminary test for binding ability of formulated immuno-nanoparticles was 
performed using MCF-7 or MCF-10A neoT cell lysates. Cells were trypsinized with 0.05 % 
trypsin and 0.02 % EDTA in PBS, pH 7.4, centrifuged and washed with PBS. 500 µl of lysis 
buffer (400 mM phosphate buffer, pH 6.0, 75 mM sodium chloride, 4 mM EDTA, 0.25 % 
mM Triton X-100) was added. The lysate was frozen at -70 °C, melted, sonicated, and 
centrifuged for 15 min at 3,300 rpm and 4 °C. The supernatant was diluted with carbonate 
buffer, pH 9.6, at a ratio of 1:5 and microtiter plates (Nunc-ImmunoTM Break ApartTM 
Modules, Denmark) were coated by adding a 100 µl aliquot to each well and incubating at 
4 °C for 24 h. Unoccupied sites were blocked using blocking buffer (3 % BSA in PBS, pH 
7.2), incubated at room temperature for half an hour and washed three times with 
washing buffer (PBS with 0.05 % Tween 20, pH 7.2) (Washer, Dispenser Columbus, Tecan, 
Austria). 
150 µl of immuno- or non-coated nanoparticles (0.375 mg/ml) was added to each 
pre-coated well, incubated 2 h at 37 °C and washed three times with PBS, pH 7.4 to 
remove unbound nanoparticles. Bound nanoparticles were hydrolysed with 150 µl of 1 M 
sodium hydroxide added to each well and the fluorescence of samples was measured 
using a microplate reader (Safire2 TM Tecan, Switzerland).  
 
2.9. Cell targeting and internalization of immuno-nanoparticles 
Cellular targeting and uptake of non-coated and immuno-nanoparticles were 
investigated with a mono-culture of MCF-10A neoT cells or a co-culture of MCF-10A neoT 
and Caco-2 cells. 100 µl of samples containing 0.5 mg nanoparticles/ml of growth 
medium were added to the cells and incubated at 37 °C for different time periods up to 24 
hours. The cells were then washed three times with growth medium to remove 
nanoparticles not internalized by the cells. Fluorescence microscopy was then performed 
using an Olympus IX/81 inverted fluorescence microscope equipped with a 
Dapi/FITC/TxRed filter set (E0435016) capable of distinguishing between the green 
(fluorescein in nanoparticles) and blue (Blue Cell Tracker staining of Caco-2 cells) 
fluorescence. Images were analyzed using CellR Imaging software. 
Additionally, internalization of non-coated and immuno-nanoparticles into MCF-
10A neoT cells was evaluated using flow cytometry. Cells were placed into twelve well 
plates (3 x 105/well) and left to attach. 200 µl of fluorescein-loaded immuno- or non-
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coated nanoparticles (0.3 mg/ml) were added to each well and incubated for 1, 4 or 24 h. 
As a control, cells were grown separately in the absence of nanoparticles. Flow cytometry 
was performed on a FACSCalibur (Becton Dickinson, Inc., USA).  
 
3. Results 
In order to achieve an immuno-nanoparticle system able to target desired cells, the 
binding procedure must preserve the biological activity of targeting ligand. In the present 
study a special focus was oriented to the selection of a suitable method for modification of 
the nanoparticle surface with mAb under aspect of an effective binding to particle surface 
and still preserving its biological activity. For this purpose mAb was bound to the surface 
of PLGA nanoparticles either by adsorption or covalent binding.  
 
3.1. Nanoparticle preparation and characterization 
Nanoparticles were prepared from a PLGA polymer containing free carboxylic end 
groups, using a modified double emulsion solvent diffusion method [18]. The resulting 
nanoparticles had a mean diameter of 320-360 nm, with a polydispersity index of 0.34.   
 
      Figure 1. SEM image of the PLGA nanoparticles. 
 
The mean zeta potential of nanoparticles was – 25 mV, indicating that some free 
carboxylic end groups of the polymer were located on the surface of nanoparticles. The 
scanning electron micrograph images of the nanoparticles revealed their regular spherical 
shape, as well as a range of diameters (Fig. 1). 
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3.2. Determination of mAb on the surface of nanoparticles 
The protein assay was used to quantify the amount of covalently bound mAb on 
nanoparticle surface. Since this assay cannot distinguish covalently bound mAb from 
adsorbed mAb or BSA in nanoparticles, two controls were run. The first one, evaluating 
the influence of adsorbed mAb, was run in the absence of EDC and the second, evaluating 
the contribution of non-coated nanoparticles, was run without EDC and mAb. The 
amount of mAb covalently bound to the nanoparticle surface was shown to be 
approximately 20 µg mAb per 1 mg of nanoparticles. The protein content in covalently 
reacted sample was higher for 9 % (w/w) regarding the first control and for 15 % (w/w) 
regarding the second control. This demonstrated that mAb was covalently bound to the 
nanoparticle surface in the presence of EDC.  
 
  
Figure 2: Confocal microscopic images of fluorescein-loaded nanoparticles (green) with adsorbed mAb 
and Alexa Fluor® 546-labelled secondary antibody (red). White arrows indicate some of the 
nanoparticles coated with mAb (A). The control sample of nanoparticles (B) was incubated in the 
absence of mAb.  
 
Non-covalent binding of mAb to the nanoparticle surface was evaluated first by 
fluorescence microscopy, using Alexa Fluor® 546 labelled secondary Ab recognizing mAb 
to visualize the adsorption of mAb on the surface of the fluorescein-loaded PLGA 
nanoparticles. Unlike the non-coated nanoparticles (Fig. 2B) the immuno-nanoparticles 
(Fig. 2A) show red fluorescence, indicating a certain proportion of nanoparticles with 
adsorbed mAb. The control (Fig. 2B) shows that the secondary Ab does not adsorb 
directly to the nanoparticle surface under the incubation conditions used (2 h). 
Additionally, results from flow cytometry showed that practically all nanoparticles are 
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mAb coated and that the population of immuno-nanoparticles is rather homogenous (Fig. 
3).  
 
Figure 3: Flow cytometry analysis of non-coated nanoparticles and fluorescein-loaded nanoparticles pre-
incubated with mAb labelled with Alexa Fluor® 546. Density plots of non-coated nanoparticles (A) and 
mAb-coated nanoparticles (B) show that mAb-coated nanoparticles are homogenously coated with Alexa 
Fluor® 546-labeled mAb and can be distinguished from non-coated nanoparticles by their fluorescence. 
A shift of fluorescein (C) and Alexa Fluor® 546 (D) fluorescence intensity can be seen for immuno-
nanoparticles (grey histograms) in comparison to non-coated nanoparticles (white histograms) 
indicating the presence of mAb on the surface of fluorescein-loaded nanoparticles.  
 
The extent of adsorption of mAb on the surface of nanoparticles was evaluated by 
measuring the fluorescence of the fluorescein in the nanoparticles and of Alexa Fluor® 
546-labelled secondary Ab using a microtiter plate reader. The ratio of fluorescence 
intensities (Alexa Fluor® 546/fluorescein) was 0,565 ± 0,008 for immuno-nanoparticles and 
0,259 ± 0,111 for non-coated nanoparticles. This indicated that a larger amount of 
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secondary Ab was present on immuno-nanoparticles than on non-coated nanoparticles, 
confirming the presence of mAb on the immuno-nanoparticle surface. Surface plasmon 
resonance, with Protein A (that binds specifically to the Fc region of immunoglobulin 
molecules [20]) immobilized on the sensor chip, showed a specific interaction of immuno-
nanoparticles with protein A than non-coated nanoparticles, as is evident from the 
binding curves (Fig. 4). 
 
 
Figure 4: Surface plasmon resonance analysis of immuno-nanoparticles (A) and non-coated 
nanoparticles (B) interaction with protein A immobilized on a sensor chip using BIAcore X system. The 
samples were injected over the protein A surface at a flow rate of 1 µl/min in 1 % PBST running buffer 
at 25 °C. 
 
The mAb-nanoparticle complex was shown, using fluorescence microscopy, to be 
stable in the presence of serum proteins (data not shown). Immunofluorescence images of 
double-labelled nanoparticles having adsorbed primary and secondary Ab showed 
discrete green and red coloured particles that persisted over a time period of 24 h. 
 
3.3. Recognition properties of immuno-nanoparticles 
Cell lysates were used to test the ability of mAb to bind to cell-type-specific 
antigens. Lysates were prepared from two invasive breast epithelial cell lines, MCF-7 and 
MCF-10A neoT. Nanoparticles with adsorbed mAb bind to the cell lysates and the extent 
of binding is approximately one third higher than that of the control, non-coated 
nanoparticles (Fig. 5).  
 






















ty MCF-7 MCF-10A neoT
 
Figure 5: Fluorescence intensity representing binding of nanoparticles, having either adsorbed or 
covalently bound mAb, to the antigen in MCF-7 and MCF-10A neoT cell lysates. The concentration of 
nanoparticles in each sample was kept constant (500 µg/ml). The controls represent non-coated 
nanoparticles in both cases.  
 
This indicates that the recognition properties of mAb did not change during the 
adsorption process. Although non-specific binding did take place, as is evident from the 
histogram for non-coated nanoparticles, mAb increased the level of binding, indicating 
the influence of the adsorbed mAb. On the other hand, covalent coupling of mAb on 
nanoparticles resulted in a significant loss of binding affinity to cytokeratins in cell 
lysates. Moreover, the binding of covalently-modified nanoparticles was even smaller 
than that of unmodified nanoparticles (Fig. 5). Greater association of immuno-
nanoparticles was observed for MCF-7 cell lysate than for MCF-10A neoT lysate.  
 
3.4. Cellular uptake of immuno-nanoparticles by MCF-10A neoT cells 
The uptake of nanoparticles was evaluated by fluorescence microscopy and flow 
cytometry. Both methods confirmed internalization of non-coated and immuno-
nanoparticles, although microscopy showed some delay for immuno-nanoparticles. On 
the micrograph images, internalized non-coated and immuno-nanoparticles were 
observed as green fluorescence spots, localized in the perinuclear region (Fig. 6).  
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Figure 6: Internalization of fluorescein-loaded PLGA nanoparticles coated with mAb (A) and non-
coated nanoparticles (B) into MCF-10A neoT cells after 12 hours of incubation. A perinuclear 
localization of internalized nanoparticles (green) was observed in both cases. 
 
Flow cytometry analysis for both types of nanoparticles showed a shift in green 
fluorescence intensity due to internalization of fluorescein-loaded nanoparticles into 
MCF-10A neoT cells (data not shown). The uptake was detected after one hour of 
incubation and increased progressively over the next 24 hours. After 1 hour 65 % and 59 
% of cells had internalized immuno-nanoparticles and non-coated nanoparticles, 
respectively. After 4 hours the fractions increased to 81 % and 77 %. Finally, after 24 
hours, 94 % of cells internalized immuno-nanoparticles and 94 % non-coated 
nanoparticles.  
 
3.5. Cell targeting and internalization of immuno-nanoparticles in co-culture 
The ability of immuno-nanoparticles in targeting MCF-10A neoT cells was 
evaluated in a co-culture with Caco-2 cells which lack the antigen for the mAb. Prior to 
internalization, immuno-nanoparticles localized in the vicinity of the MCF-10A neoT cells 
and not the Caco-2 cells, indicating their ability to target antigen-specific cells. By contrast, 
non-coated nanoparticles did not show such a specific localization towards MCF-10A 
neoT cells, as they were randomly distributed in the co-culture. Internalization of 
nanoparticles was checked after 24 hours of incubation, and the uptake in MCF-10A neoT 
cell was observed only for nanoparticles having adsorbed mAb (Fig. 7). 
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Figure 7: Fluorescence microscope image of a co-culture of MCF-10A neoT and Caco-2 cells incubated 
with fluorescein-loaded PLGA nanoparticles coated with mAb (A) and uncoated nanoparticles (B) after 
24 hours of incubation. Immuno-nanoparticles (green) entered solely MCF-10A neoT cells, while non-
coated nanoparticles entered both type of cells. The cells stained blue are Caco-2 cells. 
 
4. Discussion 
Drug targeting can improve the efficacy of therapy and reduce side effects 
associated with drugs [8,14]. Various carriers can be used to deliver a drug in a stable and 
protective form, however, it is nanotechnology which offers the most unique and 
intriguing approach in the area of nanomedicine [21,22]. 
In an attempt to formulate a carrier system for site-selective delivery, fluorescein-
loaded PLGA nanoparticles capable of targeting invasive breast epithelial cell lines, such 
as MCF-7 and MCF-10A neoT, were developed. For this purpose we applied a mAb 
which recognizes the specific cytokeratin profile expressed by these cells. Two strategies 
for attaching mAb to nanoparticles were applied; covalent and non-covalent attachment. 
Nanoparticles with covalently bound mAb were prepared using EDC reagent. This 
reagent is frequently used for coupling reactions with bioactive molecules [19]. A linking 
spacer is usually used to bind mAb to nanoparticle surface, and only a few reports 
provide some data about direct coupling [12,23,24]. To investigate the possibility of direct 
coupling, no other reagent or linker was used in our study. By that strategy we achieved 
binding of mAb on nanoparticle surface, however, this attachment adversely affected the 
recognition properties of mAb for the target antigen. This could be due to the fact that 
proteins have numerous functional groups, therefore several side reactions can take place 
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in the presence of EDC [19]. Carboxylic and amino groups are involved in covalent 
reaction with EDC reagent and both are present in mAb molecule, which may result in 
self-polymerisation of mAb instead of coupling to nanoparticles. Such polymerized 
antibodies lose their specific recognition properties, making them inappropriate for drug 
targeting [19]. Moreover, amino groups within mAb antigen binding domains could be 
affected by covalent coupling, impairing its biological activity [11]. Direct covalent 
attachment of mAb on the nanoparticle surface could hinder the accessibility of the ligand 
as well. Furthermore, attached mAb, changed the surface properties of nanoparticles. 
Having the protein coating but lacking targetability, these nanoparticles exhibit more 
hydrophilic character and therefore interact more weakly with components of cell lysates 
as compared to non-coated hydrophobic PLGA nanoparticles, as observed in our study 
(Fig. 5). Direct covalent coupling was thus inappropriate to obtain effective immuno-
nanoparticles in this study.  
In the second method, nanoparticles were incubated with mAb to allow non-
specific adsorption onto their surface, as reported by Illum et al. [25]. It has been 
suggested that hydrophobic interactions take part in this process, resulting from the 
attraction between the hydrophobic PLGA polymer and the non-polar (hydrophobic) part 
of the Ab molecule. Fluorescence microscopy, surface plasmon resonance, and flow 
cytometry confirmed the adsorption of mAb on the surface of nanoparticles. Flow 
cytometry showed that all nanoparticles were successfully coated with mAb, resulting in 
a homogenous population of immuno-nanoparticles. The adsorption is reversible and 
several authors emphasized the importance of competitive displacement of mAb that can 
take place in the presence of serum components [25-27]. However, our formulation, 
followed for 24 h in complete growth medium, was not influenced by the presence of 
serum proteins. Moreover, the pH of the incubation medium (pH 7.4), was close to the 
isoelectric point of the mAb used (pI 6.55-7.35) which favours the adsorption of protein on 
nanoparticle surface as suggested by Tsai et al. [28]. They investigated the adsorption of 
peptides to PLGA surface and asserted that this process is most favourable when the 
peptide is uncharged, thus less soluble, and exerts more hydrophobic character that 
interacts with the hydrophobic surface. Thus, the formulated nanoparticles with adsorbed 
mAb show promise as a suitable targeted delivery system. 
 The adsorbed mAb remained capable of targeting MCF-7 and MCF-10A neoT cells, 
recognizing the antigen expressed by these cells as observed by the cell lysate assay. Thus, 
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the formulation procedure did not impair the native conformation of these biomolecules, 
as also documented by others [25]. Illum and coworkers reported that the orientation of 
Ab adsorbed on the surface of nanoparticles depends on the surface properties of the 
nanoparticles [25]. Antibody tends to bind to the hydrophobic surface through a constant 
region (Fc) of the molecule, leaving the antigen-binding sites free to interact with the 
antigen. PLGA is a hydrophobic polymer [29], thus it is most likely that mAb is adsorbed 
onto the nanoparticle surface via its Fc region, keeping antigen binding sites free to bind 
to the target antigen in the cell lysates. This binding was more specific for immuno-
nanoparticles than for non-coated nanoparticles. On the other hand, surface plasmon 
resonance analysis showed that some mAb were adsorbed on the nanoparticle surface 
through antigen-binding domains, since Fc regions were free to interact with protein A 
immobilised on the sensor chip. The results thus suggest that the orientation of adsorbed 
mAb on the nanoparticle surface is random.  
The uptake of nanoparticles is influenced by nanoparticle shape, size, surface 
properties and concentration in the medium, incubation time and temperature, etc. [30-
35]. The internalization studies using fluorescence microscopy showed that uptake of 
immuno-nanoparticles was slower than that of non-coated nanoparticles. This could be 
due to the hydrophilic surface resulting from the presence of mAb on nanoparticles as 
also suggested by other authors who observed decrease in the uptake by increasing 
hydrophilicity of nanoparticles [32]. However, flow cytometry did not show significant 
difference in the uptake of non-coated and immuno-nanoparticles. 
 Immuno-nanoparticles were observed to associate much more readily with the 
MCF-7 than with the MCF-10A neoT cell lysates. This is expected, since the anti-
cytokeratin mAb used was prepared against MCF-7 cells. The binding was more specific 
for immuno-nanoparticles than for non-coated nanoparticles and dependent on the level 
of expression of the antigen.  
In order to illustrate the cell specificity of the targeting of immuno-nanoparticles 
and non-coated nanoparticles, MCF-10A neoT and Caco-2 cells were grown in co-culture. 
This co-culture was set up specifically for such evaluation. The literature, however, 
usually deals only with experiments using one cell type when evaluating the uptake of 
targeted delivery system [12,23,24,25]. Using this experimental set up we were able to 
discriminated random and targeted nanoparticle internalization. Non-coated 
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nanoparticles entered both cell types, while immuno-nanoparticles internalized only to 
the target MCF-10A neoT cells. 
These experiments clearly indicate that antibodies, when attached to the 
nanoparticle surface in an active form, show the ability to target specific cells. Finally, 
nanoparticles localized to target cells can be employed to internalize and thus deliver 
cargo to intracellular recipients. However, it should be kept in mind that nanoparticles 
following the endocytotic pathway enter the lysosomal compartment, which can affect the 
formulation and/or the drug delivered by enzymic and chemical degradation. This 
particular method is thus suitable for lysosomal delivery, although certain polymeric 
carriers have the capability to escape the lysosomal compartment [36], allowing wider 
application of the strategy described here.   
 
5. Conclusion  
New PLGA nanoparticles, having the ability to recognize and target specific 
antigens on breast epithelial cancer cell lines, were prepared by attaching mAb on the 
nanoparticle surface via the adsorption process. Attempts to attach mAb to nanoparticles 
by covalent bonding were less successful, since the biological activity of the bound mAb 
was inactivated. The specificity of the immuno-nanoparticles was seen from their selective 
distribution in a co-culture of MCF-10A neoT and Caco-2 cells, resulting in their final 
internalization by the former cells.  
Such modified nanoparticle delivery systems can provide suitable tools for 
effective targeted delivery of drugs into specific cells, especially in cases where the targets 
are localized intracellularly. A particularly valuable application would be in cancer 
therapy, since targeted delivery reduces side effects caused by unspecific drug uptake 
into healthy tissues. This approach would be appropriate for the delivery of various 
antitumour drugs ranging from small molecular weight drugs to large biomolecules, and 
offers the potential for much more effective antitumour therapy.  
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Povzetek 
Za rakave celice dojke je značilna povečana proteolizna aktivnost, ki je odgovorna 
za obsežno razgradnjo zunajceličnega matriksa, invazijo in metastaziranje. Poleg drugih 
proteaz je v ta proces vpleten katepsin B, ki je lizosomska cisteinska proteaza. Zmanjšanje 
njegove znotrajcelične aktivnosti naj bi zmanjšalo škodljivo proteolizno aktivnost in tako 
napredovanje tumorjev. V tem članku predstavljamo učinkovit sistem, ki lahko 
nevtralizira povečano znotrajcelično proteolizno aktivnost in sposobnost invazije. Sistem 
je sestavljen iz nanodelcev kopolimera mlečne in glikolne kisline, cistatina, ki je učinkovit 
inhibitor proteaz, in specifičnega monoklonskega protitelesa IgG usmerjenega proti 
citokeratinom. Dostavni sistem z vezanim monoklonskim protitelesom razlikuje celice 
dojke od drugih celic, saj specifično prepozna citokeratine na membrani celic raka dojke. S 
procesom endocitoze vezani nanodelci hitro vstopijo v celice in v lizosomih sproščajo 
vgrajeno učinkovino. To povzroči inhibicijo proteolizne aktivnosti znotrajceličnega 
katepsina B, kar zmanjša sposobnost invazije in metastaziranja tumorskih celic, medtem 
ko ostane proteolizna aktivnost zdravih celic nespremenjena. Tak pristop lahko 
uporabimo tako za zdravljenje tumorjev dojk kot tudi drugih tumorjev pri katerih je v 
procesa napredovanja raka vpletena tudi  znotrajcelična proteolizna aktivnost.  
 






Podpisana Petra Kocbek izjavljam, da sva z Natašo Obermajer v enaki meri prispevali k 
nastanku tega članka. 
         
        Petra Kocbek  
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Abstract 
Breast cancer cells exhibit excessive proteolysis, which is responsible for extensive 
extracellular matrix degradation, invasion and metastasis. Besides other proteases, 
lysosomal cysteine protease cathepsin B has been implicated in these processes and the 
impairment of its intracellular activity was suggested to reduce harmful proteolysis and 
hence diminish progression of breast tumors. Here, we present an effective system 
composed of poly(D,L-lactide-co-glycolide) nanoparticles, a specific anti-cytokeratin 
monoclonal IgG and cystatin, a potent protease inhibitor, that can neutralize the excessive 
intracellular proteolytic activity as well as invasive potential of breast tumor cells. The 
delivery system distinguishes between breast and other cells due to the monoclonal 
antibody specifically recognizing cytokeratines on the membrane of breast tumor cells. 
Bound nanoparticles are rapidly internalized by means of endocytosis releasing the 
inhibitor cargo within the lysosomes. This enables intracellular cathepsin B proteolytic 
activity to be inhibited, reducing the invasive and metastatic potential of tumor cells 
without affecting proteolytic functions in normal cells and processes. This approach may 
be applied for treatment of breast and other tumors in which intracellular proteolytic 
activity is a part of the process of malignant progression. 
 
Keywords: antibody-coated, breast cancer, cystatin, cytokeratin, immunonanoparticles 
 
 




Cysteine cathepsins, an important group of lysosomal proteolytic enzymes [1,2], 
have been implicated in a number of steps in tumor progression, including processes of 
cell transformation and differentiation, motility, adhesion, invasion, angiogenesis and 
metastasis [3,4]. In particular, high activity of cathepsin B has been identified as an 
important tumor promoting factor capable of degrading proteins of the basement 
membrane and extracellular matrix (ECM) and enhancing progression of malignant 
disease. It has been demonstrated that, besides the extracellular cathepsin B, its 
intracellular fraction is involved in degrading the ECM, which is internalized by tumor 
cells and exposed to lysosomes [5,6]. 
We and others have demonstrated that inhibitors that are able to enter cells, and 
thus inactivate lysosomal cathepsin B, effectively reduce ECM degradation and 
consequently cell invasiveness [6]. However, the uptake by aggressive tumor cells of 
cathepsin B inhibitors, either small molecules, protein inhibitors or neutralizing 
monoclonal antibodies, is a rather slow process with very limited final efficacy. A strategy 
to speed up the uptake and to target the inhibitors to the lysosomes would be most 
desirable. Cathepsin B, however, possesses several functions with respect to physiological 
processes of normal cells, such as intracellular protein catabolism, pro-hormone 
processing and regulation of cytotoxic immunity [7–9], which should not be affected 
during the treatment with the inhibitor. To direct the inhibitor therapy to the desired 
lysosomal-associated fraction of cathepsin B in tumor cells, a delivery system able to 
recognize and enter tumor cells, accumulating in the lysosomes, is necessary. 
Polymeric nanoparticles comprise promising systems for delivering antitumor 
agents known for their rapid internalization into highly metabolizing cells by means of 
endocytosis. Moreover, they can protect the drug from premature degradation and 
control its release at the site of action, enhancing therapeutic efficacy and reducing 
undesirable side-effects [10]. Accumulation of nanoparticles in tumors is also a 
consequence of the enhanced permeation and retention effect resulting from the leakiness 
of tumor vasculature, poor blood flow, impaired lymphatic drainage and interstitial 
tumor pressure [11]. Another important application of polymeric nanoparticles as a 
carrier system is their ability to bind specific recognition molecules, which enables 
nanoparticles to be targeted specifically [12]. These ligands are usually mAbs that 
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recognize tumor associated antigens (TAAs) that are expressed uniquely on the plasma 
membrane of targeted tumor cells. TAAs can be receptors, enzymes, glycoproteins, 
structural proteins, or other molecules localized predominantly on the tumor cell surface. 
In breast cancer, several candidates have been proposed as TAAs, such as EGFR/HER-2 
[13], p53 and VEGF [14], which play important roles during the progression of the disease. 
However, these antigens are not completely specific to breast tumor cells and are also 
expressed in other human tissues.  
In the present study, we loaded poly(D,L-lactide-co-glycolide) (PLGA) 
nanoparticles with potent cysteine protease inhibitor cystatin and labeled the delivery 
system with the mAb recognizing specific profile of cytokeratins overexpressed in breast 
tumor cells. Selective cellular uptake of the delivery system was tested in cocultures of 
invasive breast cells (MCF-10A neoT) with enterocytes (Caco-2) and 
monocytes/macrophages (U-937). Additionally, we evaluated the effect of loaded cystatin 




Antibody characteristics and preparation of antibody-coated nanoparticles 
Antigen specificity was determined on the cell lysates of MCF-7 and MCF-10A 
neoT cells using indirect ELISA. Anti-cytokeratin monoclonal IgG showed concentration 
dependent binding to both cell lysates. Greater affinity was observed against MCF-7 cells 
than to MCF-10A neoT cells (data not shown). The antibody recognizes a specific 
cytokeratin profile (cytokeratines 1, 2, 8, 10, 18) as determined by 2D electrophoresis, 
immunoblot and mass spectroscopy (unpublished results).  
Immunocytochemical analysis of MCF-10A neoT cells showed the localization of 
mAb antigen on the plasma membrane. The incubation of nonpermeabilized MCF-10A 
neoT cells with anti-cytokeratin monoclonal IgG allowed a staining of the antigen as a rim 
at the plasma membrane (Fig. 1A–C). However, when cells were permeabilized with 
Triton X-100, a cytoplasmic antigen was stained organized into a thin, 3D network within 
the entire cells (data not shown).  
Nanoparticles produced exhibited a mean diameter of 320–360 nm with a 
polydispersity index of 0.34. The mean zeta potential of nanoparticles was -25 mV. 
Nanoparticles were coated with anti-cytokeratin monoclonal IgG using the adsorption 
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method, preserving biological activity of bound mAb [15]. Coating efficiency was proven 
either by the use of Alexa 546 labeled anticytokeratin monoclonal IgG or Alexa 546 
labeled secondary antibody (Fig. 1D). As observed from Fig. 1D, fluorescein 
isothiocyanate (FITC)-loaded nanoparticles were efficiently labeled with anti-cytokeratin 
monoclonal IgG. The result was confirmed by measurement of the intensities of Alexa 546 
fluorescence relative to FITC fluorescence using the fluorescence microtiter plate reader. 
The intensity of Alexa 546 fluorescence was shown to be dependent on the ratio between 
nanoparticles and the labeling antibody [15].  
 
 
Fig. 1. Localization of anti-cytokeratin monoclonal IgG antigens and antibody-coated nanoparticles. 
(A–C) Localization of cytokeratines on cell membrane of MCF-10A neoT cells with anti-cytokeratin 
monoclonal IgG. MCF-10A neoT cells were grown on coverslips for 24 h and fixed with 
paraformaldehide. Before labeling, nonspecific staining was blocked with 3 % BSA. (A) MCF-10A neoT 
cells stained with Alexa 546 labeled anti-cytokeratin monoclonal IgG. (B) Differential interference 
contrast of MCF-10A neoT cells. (C) Superimposed image of (A) and (B).(D) PLGA micro- and 
nanoparticles with incorporated FITC (green fluorescence) and coated with anti-cytokeratin monoclonal 
IgG (red fluorescence). Due to visualization, larger particles in diameter up to 1–2 µm were selected. To 
determine the coating efficiency, the antibody was detected with Alexa 546-labeled secondary anti-
mouse IgG. 
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Surface plasmon resonance  
To confirm the binding of anti-cytokeratin monoclonal IgG to the nanoparticles, 
the nanoparticles were tested for their interaction with protein A, immobilized onto the 
surface of an SA sensor chip. In case of anti-cytokeratin monoclonal IgG-coated 
nanoparticles, a strong interaction was observed, due to interaction between the Fc region 
of anti-cytokeratin monoclonal IgG adsorbed onto the nanoparticles and protein A bound 
on the chip. (Fig. 2A). The noncoated nanoparticles, however, did not provide any 
significant signal (Fig. 2B). As a control, the antibody solution was tested for interaction 
with protein A and, as expected, showed an interaction with protein A (Fig. 2C). 
 
 
Fig. 2. Surface plasmon resonance analysis of the interaction of anti-cytokeratin monoclonal IgG-coated 
nanoparticles with immobilized protein A on an SA sensor chip. (A) Anti-cytokeratin monoclonal IgG-
coated nanoparticles, strongly interacting with protein A. (B) Noncoated nanoparticles without 
significant binding. (C) Anti-cytokeratin monoclonal IgG. 
 
Internalization of nanoparticles  
The uptake of nanoparticles, loaded with FITC and coated with anti-cytokeratin 
monoclonal IgG, into MCF-10A neoT cells, in comparison to noncoated nanoparticles, was 
monitored by fluorescence microscopy. The uptake for nanoparticles coated with the anti-
cytokeratin monoclonal IgG was comparable to that of the noncoated nanoparticles (Fig. 
3). After the internalization of coated nanoparticles, green FITC fluorescence could be 
observed in the perinuclear region, corresponding to lysosomal vesicles, similarly to 
internalized noncoated nanoparticles.  
Internalization process was also observed in a coculture of MCF-10A neoT and 
Caco-2 cells. Nanoparticles coated with anti-cytokeratin monoclonal IgG entered solely 
MCF-10A neoT cells and not Caco-2 cells, showing specific localization in the targeted 
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cells (Fig. 4). Noncoated nanoparticles, however, did enter both Caco-2 and MCF-10A 
neoT cells, revealing their nonselective uptake (Fig. 4). 
 
 
Fig. 3. Internalization of antibody-coated nanoparticles into MCF-10A neoT cells. The cells were 
exposed to the nanoparticles for up to 8 h. Arrows show the intracellular localization of nanoparticles in 
the vesicles in the perinuclear area. Green fluorescence corresponds to the incorporated FITC. 
 
 
Fig. 4. Internalization of antibody-coated nanoparticles (left) and uncoated nanoparticles (right) into 
MCF-10A neoT cells and Caco-2 cells, the latter labeled with Orange Cell Tracker. Green fluorescence 
corresponds to FITC, incorporated into nanoparticles. Uncoated nanoparticles did enter Caco-2 cells 
(black arrows) as well as MCF-10A neoT cells (white arrows), exhibiting nonspecific uptake by both cell 
lines (right). Antibody-coated nanoparticles entered solely MCF-10A neoT cells (white arrows) (left). 
 
Flow cytometry  
Internalization of nanoparticles into MCF-10A neoT cells at different time points 
was followed by flow cytometry. Under our experimental conditions, noncoated 
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nanoparticles and anti-cytokeratin-coated nanoparticles entered 58.58% and 64.72% of 
cells within 1 h, respectively, whereas the percentage increased to 77.40% and 80.93% 
within 8 h of incubation, respectively. After 24 h, more than 90% of cells internalized 
noncoated as well as anti-cytokeratin monoclonal IgG-coated nanoparticles (Fig. 5).  
 
 
Fig. 5. Flow cytometry of MCF-10A neoT cells. The cells were incubated with anti-cytokeratin 
monoclonal IgG-coated or noncoated nanoparticles loaded with cystatin for 1, 4 and 24 h, prior the 
analysis. Internalization of mAb-coated nanoparticles into MCF-10A neoT cells can be seen as a shift in 
fluorescence intensity (thick red line) in comparison to internalization of noncoated nanoparticles (thick 
black line). As a control, MCF-10A neoT cells were grown in the absence of nanoparticles (thin black 
line). The percentages indicate the proportion of MCF-10A neoT cells that have internalized noncoated 
and mAb-coated nanoparticles, respectively. 
 
In a coculture of MCF-10A neoT and Caco-2 cells, MCF-10A neoT cells 
internalized nanoparticles (Fig. 6A), observed as a shift in green fluorescence intensity 
due to internalization of FITC-loaded nanoparticles. Caco-2 cells, however, in a coculture 
with MCF-10A neoT cells, did not internalize anti-cytokeratin monoclonal IgG labeled 
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nanoparticles (Fig. 6B).  This result confirms the specific uptake of anti-cytokeratin 
monoclonal IgG-coated nanoparticles by MCF- 10A neoT cells, whereas Caco-2 cells did 
not show any shift in fluorescence, indicating an absence of nanoparticle uptake. In a 
monoculture, however, both Caco-2 and MCF-10A neoT cells internalized anti-cytokeratin 
monoclonal IgG-coated nanoparticles to a similar extent (Fig. 6C).  
 
 
Fig. 6. Flow cytometry of a coculture of MCF-10A neoT cells and Caco-2 cells. The cells were incubated 
with anti-cytokeratin monoclonal IgG-coated nanoparticles loaded with cystatin for 1 h prior the 
analysis. Internalization of nanoparticles into MCF-10A neoT can be seen as a shift in fluorescence 
intensity (thick line) in comparison to MCF-10A neoT cells grown in the absence of nanoparticles (thin 
line) (A). Caco-2 cells, however, did not internalize antibody-coated nanoparticles and, consequently, 
there is no shift in a fluorescence intensity between Caco-2 cells grown in the presence (thick line) or the 
absence (thin line) of nanoparticles (B). In a monoculture, however, both MCF-10A neoT cells and 
Caco-2 cells internalized anti-cytokeratin monoclonal IgG-coated nanoparticles (C). 
 
Proteolysis assay  
The capability of cystatin-loaded, antibody-coated nanoparticles to inhibit 
intracellular proteolytic activity in living MCF-10A neoT cells was tested by using specific 
cathepsin B fluorogenic substrate Z-Arg-Arg cresyl violet. Since cathepsin B is highly 
concentrated in lysosomes in MCF-10A neoT cells, a strong red fluorescence of the 
degraded substrate appeared in the vesicles in the perinuclear region immediately after 
treatment with the substrate (Fig. 7). The fluorescence matched the intracellular 
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localization of cathepsin B well, confirming that a large part of the lysosomal cathepsin B 
was present in its active form [16].  
 
Fig. 7. Inhibition of cathepsin B activity with antibody-coated nanoparticles loaded with cystatin as 
determined by Z-Arg-Arg cresyl violet degradation. MCF-10A neoT cells were incubated with the 
nanoparticles for 2 h in serum free medium (left row), either in a monoculture (A) or in a coculture 
with differentiated U-937 cells (B). Prior to the assay, cells were washed and Z-Arg-Arg substrate was 
added (10 µM). Red fluorescence of the degradation product was observed after 15 min. The controls 
were preincubated with serum free medium in the absence of nanoparticles (right row). The cathepsin B 
activity was significantly reduced in MCF-10A neoT cells preincubated with the cystatin-loaded 
nanoparticles compared to controls (A). In a coculture, the activity of cathepsin B was reduced only in 
MCF-10A neoT cells (white arrows) and not in U-937 cells (black arrows) (B), suggesting that the 
nanoparticles were internalized to MCF-10A neoT cells due to the specific targeting of anti-cytokeratin 
monoclonal IgG. 
 
Preincubation of cells with cystatin-loaded, anticytokeratin monoclonal IgG-coated 
nanoparticles almost completely abolished the substrate fluorescence, showing that 
cathepsin B activity was strongly inhibited. The amount of cystatin released from the 
nanoparticles during the preincubation period was  negligible, as determined from the 
loading capacity and a release profile. As shown in our previous study [16], the free 
cystatin added to the MCF-10A neoT cells was not effective against intracellular cathepsin 
B. Furthermore, nanoparticles and cystatin did not exhibit any cytotoxic effect within 
concentration range used in experiments. The instrument settings, such as intensity of 
excitation light, magnification and exposure time on digital camera, were kept constant 
following the inhibition of cathepsin B activity.  
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In a coculture system of MCF-10A neoT and differentiated U-937 cells, cathepsin B 
activity was significantly reduced only in MCF-10A neoT cells and not in differentiated 
macrophages when cystatin-loaded anti-cytokeratin nanoparticles were applied (Fig. 7). 
Like MCF-10A neoT cells, differentiated U-937 cells also express high levels of active 
cathepsin B. The red fluorescence in MCF-10A neoT cells was restored after a prolonged 
time of incubation with cathepsin B specific substrate, showing that the integrity of cells 
was preserved. As shown in our previous study [16], the nanoparticles do not effect the 
cells viability after internalization, but merely deliver the inhibitor to the lysosomal 
targets.  
 
Invasion assay  
The effect of cystatin incorporated into nanoparticles on the Matrigel invasion of 
MCF-10A neoT cells was tested after a 24 h incubation period. Free cystatin decreased the 
invasion of MCF-10A neoT cells to 87.65% compared to the control with the absence of 
inhibitor (P = 0.02). Cystatin incorporated in nanoparticles was, however, more efficient 
and reduced the invasiveness to 71.8% of the control (P = 0.002) (Fig. 8). The efficacy of the 
invasion in the control experiment was 29.65%. This result shows that effective inhibition 
of intracellular proteolytic activity additionally reduces invasive potential of MCF-10A 
neoT cells and emphasizes one of the advantages of the new delivery system (i.e. its rapid 
internalization).  
 
Fig. 8. Effect of chicken cystatin on Matrigel invasion by MCF-10A neoT cells. Cells were incubated for 
24 h in the presence of chicken cystatin, either incorporated in nanoparticles (50 µg nanoparticlesmL-1) 
or free (2 µM) in the serum medium depleted of protease inhibitors. The efficacy of the invasion in the 
absence of inhibitors was 29.6%. Data are represented as the means ± SD of two independent 
determinations performed in triplicate. 
 
 




In our previous study [16], a nanoparticulate carrier system was used to deliver 
the potential antitumor drug cystatin to transformed breast epithelial MCF-10A neoT 
cells. Using such a delivery system, we showed that the uptake of the drug by targeted 
cells was significantly increased. Moreover, PLGA biodegradable polymers also protected 
cystatin against proteolytic degradation and aggregation and enabled its sustained release 
inside the cells. Although PLGA nanoparticles can be concentrated in tumor tissue due to 
the enhanced permeation and retention effect and enhanced internalization by 
endocytosis, their uptake cannot be excluded for other cells and, thus, the delivery of 
antitumor drug is not specific.  
To improve the specificity of the carrier system towards the breast tumor cells, 
nanoparticles were coated with a specific monoclonal antibody [17,18] directed against 
TAAs (Fig. 9). As noted above, there are several candidates for TAAs in breast cancer, 
however, none of them is specific only for breast tumor cells, and is expressed as well in 
other tumors or normal human tissues. Thus, the antibodies, developed against these 
antigens and used in cell targeting are only as specific as the expression of the antigen 
itself. The other approach to raising antibodies, specific to tumor cells is to apply tumor 
cell extract for immunization of animals [19,20]. The mAb used for specific targeting in the 
present study was raised against soluble membrane proteins of MCF-7 cells obtained from 
human invasive ductal breast carcinoma. Immunohistochemical analysis showed specific 
staining for breast tumors: positive staining was detected mostly in primary breast 
carcinomas and in lymph node metastasis [21]. No immunostaining was detected in other 
tumor types, other than melanoma. Tumor cell lines show a similar pattern of reactivity: 
positive immunostaining was detected only with breast carcinoma cells and melanoma 
cells [21]. As shown in our recent study, the antibody recognizes a specific membrane 
cytokeratin profile (cytokeratins 1, 2, 8, 10 and 18) expressed by MCF-7 and other invasive 
breast cells, including our test cell line MCF-10A neoT (B. Doljak, N. Obermajer & J. Kos, 
unpublished results). Besides the mouse monoclonal antibody used in the present study 
its  humanized analogue has been prepared, enabling potential in vivo application [22].  
Cytokeratins are being used extensively for tumor diagnosis in various types of 
malignancy [23]. Cytokeratins expressed by primary tumor cells [24] also remain present 
in invasive and metastatic cells, which additionally makes them good markers for local 
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invasions and distant metastases [25]. Moreover, aggressive tumors with the poorest 
clinical outcome, such as basal-like breast carcinomas [26], express a typical cytokeratin 
profile, distinct from that in less aggressive ones. Therefore, the differential expression of 
individual cytokeratins in various types of carcinomas makes these proteins useful targets 
[27] for specific drug delivery in cancer patients. 
 
 
Fig. 9. Mechanism of nanoparticle cellular uptake and impairment of lysosomal proteolytic activity of 
cysteine protease cathepsin B in targeted cells. An important feature of the invasive breast cancer cell 
phenotype is an excessive intracellular proteolytic activity of cysteine proteases, resulting in the 
degradation of extracellular matrix. Cysteine protease inhibitors are capable of impairing the 
degradation of the ECM, and thereby reducing the invasive potential of tumor cells. Chicken cystatin 
has a high potential for inactivating cathepsin B, however, free cystatin is unable to enter the cells and 
inhibit intracellular proteolytic activity. Incorporation of cystatin into the biodegradable nanoparticles 
enables its internalization, release and inhibition of cathepsin B activity in the lysosomes. Furthermore, 
the labeling of nanoparticles with anti-cytokeratin monoclonal IgG provides specific delivery of 
nanoparticles to the epithelial breast cancer cells. 
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We bound anti-cytokeratin monoclonal IgG to the surface of PLGA nanoparticles 
either by adsorption and covalently, using 1-ethyl-3-(3-dimethylaminopopyl) 
carbodiimide hydrocloride (EDC) as the bifunctional reagent. The antibody adsorbed 
effectively to the surface of the nanoparticles, as shown by fluorescence labeling, surface 
plasmon resonance and flow cytometry. The biological activity of the adsorbed antibody 
was fully preserved, as shown by its binding capacity to MCF-7 and MCF-10A neoT cell 
lysates. By contrast, when bound covalently to the nanoparticles using EDC as a 
bifunctional reagent, the antibody was completely inactive [15].  
Successful internalization and lysosome targeting should be an important 
advantage of our new delivery system. Our strategy relies on the ability of targeting agent 
to bind to the tumor cell surface and to trigger receptor-dependent endocytosis resulting 
in the delivery of the therapeutic agent to the endosomes and lysosomes. Polymeric 
nanoparticles themselves are internalized by clathrin-mediated endocytosis [28], which is 
significantly enhanced in highly proliferating tumor cells [29]. Our nanoparticulate 
delivery system, coated with the antibody showed a similar internalization profile 
compared to noncoated nanoparticles, as shown by confocal microscopy and flow 
cytometry. Since the final destination of the antibody-coated nanoparticles was 
endosomes and lysosomes, as seen from vesicular fluorescence in the perinuclear region, 
we may speculate that the antibody-coated nanoparticles explored the same receptor-
dependent endocytosis pathway. The presence of predominantly uncoated nanoparticles 
inside the cells, as shown by fluorescence microscopy (data not shown) support this 
pathway. Thus, our results reveal that anti-cytokeratin-coated  nanoparticulate delivery 
system is able to reach lysosomal protein targets in MCF-10A neoT cells.  
The selectivity of the new delivery system was tested in a coculture of invasive 
breast cells (MCF-10A neoT) and enterocytes (Caco-2) using fluorescence microscopy and 
flow cytometry. By fluorescence microscopy, we observed that the noncoated 
nanoparticles entered both types of cells, indicating nonselective uptake. However, 
nanoparticles coated with the antibody only entered the MCF-10A neoT cells and not the 
Caco-2 cells demonstrating selectivity in their cell localization. In a monoculture, 
however, anti-cytokeratin monoclonal IgG-coated nanoparticles entered both Caco-2 and 
MCF-10A neoT cells. This is in line with previous studies showing that Caco-2 cells 
efficiently internalize nanoparticles [30] and demonstrates that selective uptake of 
nanoparticles can only be achieved when they are targeted to antigen expressing cells.  
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The final goal of our study was to prove that the inhibitor cargo (i.e. cystatin) 
delivered by our system to endosomes and lysosomes in breast tumor cells is capable of 
inactivating the raised intracellular proteolytic activity specifically in breast tumor cells, 
thereby reducing the invasive potential of the cells. The uptake of chicken cystatin, an 
analogue of human cystatin C and a potent inhibitor of cathepsin B, was tested by the 
inhibition of cathepsin B proteolytic activity, using the specific cathepsin B fluorogenic 
substrate Z-Arg-Arg cresyl violet. Since cathepsin B is highly concentrated in the 
lysosomes in MCF-10A neoT cells, it exhibits a strong red fluorescence in the vesicles in 
the perinuclear region after treatment with the substrate. When the cells were pretreated 
with the immunonanoparticles, loaded with the cystatin, red fluorescence diminished 
demonstrating effective uptake of cystatin and inhibition of the intracellular cathepsin B. 
 The effectiveness of the new delivery system to inhibit intracellular proteolytic 
activity selectively in breast MCF-10A neoT cells was evident when they were cocultured 
with Caco-2 cells that themselves express low levels of cysteine proteases. The selectivity 
of this system was further emphasized when MCF-10A neoT cells were cocultured with 
differentiated monocyte/macrophage U-937 cells, which can internalize PLGA 
nanoparticles [31] and which contain large amounts of cysteine proteases, including 
cathepsin B. Although differentiated U-937 cells can internalize PLGA nanoparticles more 
efficiently than Caco-2 cells [30], the activity of cathepsin B in differentiated U-937 cells 
was not lowered when the cells were preincubated with antibody-coated, cystatin-loaded 
nanoparticles. On the other hand, the activity was markedly reduced in MCF-10A neoT 
cells. The preference of rapid internalization of cysteine protease inhibitor into MCF-10A 
neoT cells by the new delivery system and its ability to inhibit proteolytic activity was 
further demonstrated in a Matrigel invasion assay. Cystatin incorporated in nanoparticles 
reduced the invasion of MCF-10A neoT cells significantly better than the free cystatin. As 
the free cystatin is internalized very slowly and is unable to impair intracellular 
proteolytic activity [16], the difference in cell invasiveness can be attributed to efficient 
impairment of intracellular cysteine proteases by cystatin released in lysosomes from the 
nanoparticulate delivery system.  
In summary, a new delivery system is described, comprising biodegradable PLGA 
polymeric nanoparticles, potent protease inhibitor cystatin and a specific anti-cytokeratin 
monoclonal IgG, which can be internalized into cells, contributes specific targeting to 
invasive breast epithelial cells and inactivates intracellular cathepsin B. This enables the 
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tumor associated proteolytic activity to be inhibited, reducing the invasive and metastatic 
potential of tumor cells without affecting proteolytic functions in normal cells and 
processes. This new method of tumor targeting can be applied using other protease 
inhibitors and antibodies against other tumor associated antigens. The method has the 
potential to improve the efficacy and decrease the toxicity of existing and novel anticancer 
therapies.  
 
Experimental procedures  
 
Cell culture  
MCF-10A neoT cells were provided by BF Sloane (Wayne State University, Detroit, 
MI, USA). Their origin was a human breast epithelial cell line (MCF-10) transformed with 
a neomycin resistance gene and c-Ha-ras oncogene. MCF-7 cells were obtained from 
ATCC (HTB 22) (Rockville, MD, USA). Cells were cultured in a monolayer to 80% 
confluence in Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium supplemented 
with 12.5 mM Hepes, 2 mM glutamine, Sigma (St Louis, MO, USA), 5% fetal bovine 
serum, HyClone (Logan, UT, USA), insulin, hydrocortisone, epidermal growth factor and 
antibiotics, at 37 ºC in a humidified atmosphere containing 5% CO2. Prior to use in an 
assay, cells were detached from culture flasks with 0.05% trypsin and 0.02% EDTA in 
NaCl/Pi, pH 7.4. The viability of cells in the experiments was at least 90%, as determined 
by staining with nigrosin. Caco-2 cells were cultured in minimal essential medium 
supplemented with 2 mM glutamine, 1% nonessential amino acids and 10%  fetal bovine 
serum. U-937 cells were obtained from ATCC (CRL 1593) and cultured in advanced 
RPMI-1640 medium with 2 mM glutamine, 5% fetal bovine serum and antibiotics.  
 
Antibody preparation  
The mouse monoclonal antibody, used in this study, was raised against soluble 
membrane proteins of MCF-7 human invasive ductal breast carcinoma. Using 
immunocytochemical analysis, its positive staining was detected predominantly in 
primary breast carcinomas and in metastatic lymph nodes [21]. Hybridoma cells for 
antibody isolation were cultured in DMEM medium supplemented with 2 mM glutamine 
(Sigma), 13% fetal bovine serum (HyClone) and antibiotics, at 37 ºC in a humidified 
atmosphere containing 5% CO2. The antibody was isolated by affinity chromatography on 
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protein A sepharose using standard procedure and labeled with Alexa 546 fluorescent dye 
according to the manufacturer’s instructions (Molecular Probes, Carlsbad, CA, USA). The 
labeled antibody was stored at -20 ºC.  
 
Immunofluorescence  
For immunofluorescence detection, MCF-10A neoT cells were cultured on glass 
coverslips to 70% confluence. To preserve membrane associated components and 
foreclose cytoplasmic staining, cells were fixed with 2% paraformaldehide at room 
temperature for 10 min. Nonspecific staining was blocked with 3% BSA in phosphate 
buffer saline (NaCl/Pi), pH 7.4, for 1 h. After 1.5 h of incubation with Alexa 546-labeled 
anti-cytokeratin monoclonal IgG, cells were washed with NaCl/Pi. The Prolong Antifade 
kit (Molecular Probes) was used for mounting coverslips on glass slides. Fluorescence 
microscopy was performed using Carl Zeiss LSM 510 confocal microscope (Carl Zeiss, 
Oberkochen, Germany). Alexa 546 was excited with an He/Ne (543 nm) laser and 
emission was filtered using narrow band LP 560 nm filter. Images were analyzed using 
Carl Zeiss LSM image software, version 3.0.  
 
Preparation of antibody-coated nanoparticles loaded with cystatin  
Nanoparticles were prepared by the double emulsion solvent diffusion method 
under mild experimental conditions as described [16]. Chicken cystatin [32], either labeled 
with Alexa 488 dye or unlabeled was dissolved in deionized water and dispersed in ethyl 
acetate containing PLGA (lactic acid/glycolic acid (50 : 50, w/w) copolymers; Resomer 
RG® Boehringer, Germany). Alternatively, 1.7 mg of FITC solution (4.26 mg·mL-1) was 
added to ethyl acetate containing PLGA copolymers.  
The copolymers contained free (RG® 503 H with MW 48 kDa) carboxyl end 
groups. After emulsification in combination with sonication 5% PVA in aqueous solution 
(Mowiol® 4-98; Hoechst, Germany) was added to the water-in-oil emulsion to form a 
double emulsion (w/o/w). The organic solvent was removed by extraction with 0.1% 
PVA in aqueous solution in homogenizer with stirring at 3214 g for 5 min. The resulting 
nanoparticles were washed and recovered by centrifugation at 25 283 g for 15 min 
(ultracentrifuge Sorvall RC 5C Plus, Norwalk, CT, USA). The sediment was re-dispersed 
by bath sonication. Finally, the aqueous dispersion of purified nanoparticles was filtered 
through a membrane, pore size 12–35 µm (Shleicher & Schuell, Dassel, Germany) to 
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remove aggregates formed during the purification process. If not used for antibody 
coating the same day, the samples were placed in liquid nitrogen and freeze-dried (Heto 
FD3, Heto-Holten A/ S, Allerød, Denmark).  
Nanoparticles were coated with anti-cytokeratin monoclonal IgG using the 
adsorption method [15]. Dispersed nanoparticles were incubated overnight with the 
antibody (0.85 : 1, w/w), pH 5.0, and 4 ºC. In a control experiment, the nanoparticles were 
incubated in the absence of antibody in the same volume of the buffer. The nanoparticles 
were then washed twice with NaCl/Pi, pH 5.0 and recovered by centrifugation at 12 857 g 
for 15 min (Ultracentrifuge Sorvall RC 5C Plus). For covalent binding of anti-cytokeratin 
monoclonal IgG, EDC reagent was used [15].  
Either Alexa 546 labeled anti-cytokeratin monoclonal IgG or, alternatively, 
secondary goat anti-mouse serum IgG labeled with Alexa 546 was used to determine the 
coating efficiency. When Alexa 546 labeled secondary antibody was used to detect the 
mAb adsorbed to PLGA nanoparticles, the system was incubated with the secondary 
antibody (1 : 1000) for 2 h at room temperature, washed twice with NaCl/Pi, pH 5.0 and 
recovered by centrifugation at 12 857 g for 15 min (Ultracentrifuge Sorvall RC 5C Plus). In 
a control experiment, nonderivatized nanoparticles were incubated with the secondary 
antibody. Fluorescence microscopy was performed using Carl Zeiss LSM 510 confocal 
microscope under the conditions described above.  
 
Surface plasmon resonance  
The coating efficiency of nanoparticles with anti-cytokeratin monoclonal IgG was 
monitored using Biacore X system (BIAcore, Uppsala, Sweden). Assays were performed 
on a SA sensor chip that contains preimmobilized streptavidin on its surface (BR-1003-98 
BIAcore). Biotinilated protein A was immobilized onto streptavidin at a flow rate 1 
µLmin-1 for 10 min (300 RU). The reference cell was blocked with biotin (10 µM, 10 min). 
The chip was then washed with 5 µL of 10 mM glycine buffer (pH 2.2) at a flow rate of 30 
µLmin-1. Identical wash cycles were used to regenerate  the chip between assays. 
Nanoparticles labeled with anticytokeratin monoclonal IgG or nonlabeled nanoparticles 
were prepared in PBST buffer (NaCl/Pi with 0.05% Tween 20). All steps were performed 
at 25 ºC with a flow rate of 1 µLmin-1 in 1% PBST running buffer; 5 µL of nanoparticle 
suspension was injected for each assay. As a control, anti-cytokeratin monoclonal IgG was 
injected with a flow rate of 1 µLmin-1 in 1% PBST running buffer.  
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Internalization assay  
MCF-10A neoT cells were placed in LabTek chambered coverglass system (Nalge 
Nunc International, Rochester, NY, USA) at a concentration of 1 x 105 mL-1 and allowed 
to attach. In a coculture experiment, Caco-2 cells were grown to 80% confluence in six well 
plates (Corning Costar, Cambridge, MA, USA). Prior to labeling, the medium was 
removed and the cells washed with NaCl/Pi. The medium with 10 µM Orange Cell 
Tracker (Molecular Probes) was added and cells were incubated for 40 min. The medium 
was changed and the cells incubated for another 30 min. The cells were then detached and 
placed in the LabTek chambered coverglass system (Nalge Nunc International) at a 
concentration of 1 x 105 mL-1 in a coculture with MCF-10 A neoT cells and allowed to 
attach. Nanoparticles labeled with FITC were added and the cells were observed for 
particle internalization. Nanoparticles incubated in the absence of anti-cytokeratin 
monoclonal IgG were used as a control. As the nanoparticles in the presence or absence of 
antibodies were prepared, incubated and washed identically, we can exclude the 
possibility that the difference in cell uptake depends on FITC loading of nanoparticles. 
The internalization of nanoparticles was confirmed also by fluorescence spectrometry 
[15].  
Fluorescence microscopy was performed using a Carl Zeiss LSM 510 confocal 
microscope. FITC and Orange Cell Tracker were excited with an argon or He/Ne laser 
and emission was filtered using a narrow band LP 505–530 nm (green fluorescence) and 
560 nm (red fluorescence) filter, respectively.  
 
Flow cytometry  
Internalization of anti-cytokeratin monoclonal IgG-coated nanoparticles was 
observed by flow cytometry by a shift in a fluorescence intensity. MCF-10A neoT cells 
were placed into six well plates and allowed to attach. Afterwards, FITC-loaded 
nanoparticles labeled with anti-cytokeratin monoclonal IgG were added and the cells 
were incubated for different time periods.  
To determine specific uptake, MCF-10A neoT and Caco- 2 cells were plated either 
in a mono- or coculture. In both cases, the total cell number in each well was 4 x 105. Prior 
to the assay, Caco-2 cells were labeled with Orange Cell Tracker as described above to 
facilitate differentiation between the two cell lines. Next, Alexa 488 labeled-cystatin-
loaded nanoparticles (see proteolysis assay) labeled with anti-cytokeratin monoclonal IgG 
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were added and the cells were incubated for 4 h. As a control, cells were grown separately 
in a monoculture in the absence of nanoparticles. Flow cytometry was performed on a 
FACS Calibur (Beckton Dickinson, Inc., Franklin Lakes, NJ, USA).  
 
Proteolysis assay  
A specific fluorogenic substrate, Z-Arg-Arg cresyl violet, was used to detect 
intracellular proteolytic activity of cathepsin B and the inhibitory effect of cystatin [16]. 
Cleveage by cathepsin B of one or both arginine residues converts the molecule into a red 
fluorescent product [5]. The substrate easily penetrates the cell membrane, and 
intracellular cathepsin B activity is identified after a short incubation period.  
Cells were grown in a chambered coverglass system (Lab-Tek, Nalge Nunc 
International) as described above. Before the assay, culture medium was removed and the 
cells washed twice with NaCl/Pi. The cells were then preincubated for 2 h with antibody-
coated nanoparticles loaded with cystatin in serum free culture medium. Control cells 
were incubated in the absence of the nanoparticles. After incubation, the inhibitor solution 
was removed from the cells and substituted by the substrate (10 mM in serum free 
medium) and monitored for fluorescent product.  
To determine specific delivery of anti-cytokeratin monoclonal IgG-labeled 
nanoparticles and cell-specific inactivation of cathepsin B activity, MCF-10A neoT cells 
were grown in a coculture with differentiated U-937 monocytes/macrophages, that also 
exhibit a high level of cathepsin B activity. 4 x 105 U-937 cells mL-1 were differentiated 
with 50 nM 4β-phorbol 12-myristate 13-acetate for 24 h. Cells were then washed with 
NaCl/Pi, pH 7.4, detached with 0.02% EDTA in NaCl/Pi, washed again with NaCl/Pi 
and added to the culture of MCF-10A neoT cells in the chambered coverglass system and 
allowed to adhere. Next, proteolysis was assayed as described for the monoculture of 
MCF-10A neoT cells. Fluorescence was measured using Carl Zeiss LSM 510 confocal 
microscope under the conditions described above, combined with a differential 
interference contrast imaging module.  
 
Cell invasion assay  
The effect of cystatin-loaded nanoparticles on invasion was tested using the 
modified method as previously described [33]. Transwells (Corning Costar) with 12-mm 
polycarbonate filters (12 µm pore size were used. Twenty-five µL of 100 µgmL-1 
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fibronectin (Sigma) was applied on lower side of the filters and left for 1 h in a laminar 
hood to dry. Afterwards, the upper side of the filters was coated with 100 µL of 1 mg mL-
1  Matrigel (Beckton Dickinson, Inc.)  and 100 µL of DMEM was added. The Matrigel was 
dried overnight at room temperature in a laminar hood and reconstituted with 200 µL of 
DMEM at 37 ºC for 1 h. The upper compartments were filled with 500 µL of MCF-10A 
neoT cells (4 x 105 cells), pretreated for 1 h with 2 µM chicken cystatin or 50 µgmL-1  
cystatin-loaded nanoparticles. The lower compartments were filled with 1.5 mL of 
medium. Either 2 µm concentration of chicken cystatin was added to upper and lower 
compartments or 50 µgmL-1 cystatin-loaded nanoparticles were added to the upper 
compartment. The control cells were not pretreated and were plated in the absence of 
inhibitor. The plates were incubated for 24 h at 37 ºC and 5% CO2. 3-(4,5- Dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide was added to a final concentration of 0.5 mgmL-1 
to the upper and lower compartments and the plate incubated for an additional 3 h. 
Media from both compartments were transferred separately to Eppendorf tubes and 
centrifuged at 6446 g for 5 min. Supernatants were discarded and the formazan crystals 
dissolved in isopropanol. The color intensity of the dissolved formazan was measured at 
570 nm (reference filter 690 nm). Invasion was recorded as the percentage of the cells that 
penetrated the Matrigel-coated filters compared to controls. The SPSS software package 
(release 13.0; SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The difference 
between the groups was evaluated using the nonparametric Mann–Whitney test. P < 0.05 
was considered statistically significant.  
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Vnos težko topnih učinkovin v organizem in povečanje njihove terapevtske 
uporabnosti predstavljata velik izziv za razvoj naprednih nanodostavnih sistemov, ki je 
bil temeljni cilj prvega dela doktorske naloge. Tako smo v raziskovalnem delu razvili 
metodo emulgiranja taline za pripravo nanosuspenzije ibuprofena in jo primerjali z dobro 
uveljavljeno emulzijsko-difuzijsko metodo. Z načrtovanjem tehnoloških parametrov 
(stabilizatorji, vsebnost učinkovine, postopek homogeniziranja, pogoji ohlajanja) smo 
izdelali nanosuspenzije z velikostjo delcev 70 do 450 nm. Najmanjšo velikost delcev smo 
dobili s kombinacijo stabilizatorjev Tweena 80 in PVP K25. Glavna prednost metode 
emulgiranja taline pred emulzijsko-difuzijsko metodo je odsotnost organskih topil med 
samo izdelavo, pomanjkljivost pa predstavlja nekoliko večja povprečna velikost delcev.  
Liofilizirana nanosuspenzija in zrnca, kjer je bila tekočina za granuliranje nanosuspenzija  
ibuprofena sta v poskusih raztapljanja in vitro pokazali značilno večjo hitrost raztapljanja 
ibuprofena v primerjavi z mikronizirano učinkovino. 
V nadaljevanju smo dokazali, da lahko povečamo biološko učinkovitost težko 
topnih učinkovin tudi na način, da jo vgradimo v ustrezne polimerne nanodelce. Pri tem 
dosežemo njeno dispergiranje v nosilnem polimeru, nanodelec kot celota pa omogoči 
vnos učinkovine v celico, kjer se sprosti in doseže biološki učinek. Tako smo v PCL 
nanodelce vgradili dve težko topni novi spojini, sintetizirani na UL - Fakulteti za 
farmacijo, ki sta inhibitorja 17β-hidroksisteroid dehidrogenaze tipa 1. Z metodo difuzije 
organskega topila smo izdelali nanodelce s povprečno velikost 140–160 nm in z visoko 
učinkovitostjo vgrajevanja za obe učinkovini (79 oz. 86 %).  Na celični liniji T-47D z 
izraženim tarčnim encimom v citosolu, ki ga inhibirata učinkovini, smo dokazali, da 
nanodelci vstopijo v celice in ostanejo lokalizirani znotraj celic ves čas opazovanja (tj. 11 
dni). Ugotovili smo, da nanodelci z vgrajenima učinkovinama povzročijo zmanjšanje 
proliferacije celic in spremenijo celično morfologijo, medtem ko nanodelci brez 
učinkovine in raztopljeni oz. suspendirani učinkovini ne vplivajo na proliferacijo in 
morfologijo celic. Rezultati potrjujejo, da lahko z vgrajevanjem težko topnih učinkovin v 
nanodelce dobimo terapevtsko uporaben dostavni sistem za učinkovine, ki v obliki 
suspenzij oz. klasičnih farmacevtskih oblik ne dosežejo tarčnega mesta v zadostni 
koncentraciji in posledično ne  izzovejo biološkega učinka. 
V zadnjem delu smo raziskovali aktivno ciljanje tumorskih celic v kokuturi. V ta 
namen smo izdelali nanodelce iz kopolimera mlečne in glikolne kisline (PLGA) ter 
specifično spremenili njihovo površino, ki najprej pride v stik s celicami. Kot ligand smo 
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uporabili monoklonsko protitelo CDI 315, ki prepozna in se veže na specifični antigen na 
površini epitelijskih celic raka dojke npr. MCF-10A neoT. Izdelani nanodelci so bili 
kroglaste oblike s povprečno velikostjo 320–360 nm in negativni nabojem na površini. 
Ugotovili smo, da se nanodelci z adsorbiranimi protitelesi v večjem obsegu vežejo na lizat 
tarčnih celic, kot sami nanodelci in nanodelci s kovalentno vezanimi protitelesi, kar 
dokazuje uspešnost adsorpcije in ustrezno orientacijo adsorbiranih protiteles. 
Imunonanodelce z adsorbiranimi protitelesi smo nato vrednotili na kokulturi celic MCF-
10A neoT in Caco-2. Opazili smo, da imunonanodelci selektivno prepoznajo in vstopijo le 
v celice MCF-10A neoT, medtem ko sami nanodelci vstopijo v obe vrsti celic, kar potrjuje 
zastavljeno hipotezo o specifičnem ciljanju tarčnih celic z nanodelci, ki so prekriti s 
protitelesi. Prav  tako smo dokazali, da s previdnim oblikovanjem proteinske učinkovine 
v PLGA nanodelce ohranimo njeno biološko aktivnost.. V kokulturi celic MCF-10A neoT z 
diferenciranimi monociti/makrofagi U-937 smo z uporabo specifičnega fluorogenega 
substrata za katepsin B dokazali selektivno inhibicijo znotrajceličnih encimov le v celicah 
MCF-10A neoT. S temi rezultati smo potrdili učinkovitost aktivnega ciljanja z 
imunonanodelci, s čimer smo dosegli selektivni vnos cistatina v tarčne celice.  
Glede na postavljene hipoteze lahko zaključimo, da le z načrtovanim  
oblikovanjem učinkovin dobimo nanosuspenzije in tako povečamo hitrost raztapljanja 
težko topnim  učinkovinam. ter posledično vplivamo na  njihovo biološko uporabnost. 
Nadalje smo z vgrajevanjem novih inhibitorjev 17β-HSD tipa 1 dokazali, da lahko z 
uporabo PCL nanodelcev preprečimo razgradnjo učinkovine in pripravimo terapevtsko 
uporabno farmacevtsko obliko za vnos težko topne učinkovine, ki sama v dovolj veliki 
koncentraciji ne doseže mesta delovanja in zato ne sproži farmakološkega učinka. 
Ugotovili smo, da lahko s PLGA nanodelci z adsorbiranimi specifičnimi monoklonskimi 
protitelesi dosežemo aktivno ciljanje tumorskih celic in selektivni vnos proteinske 
učinkovine v aktivni obliki v tarčne celice.  
Iz rezultatov lahko povzamemo, da nanotehnologija prinaša velike in 
nepredvidljive spremembe na področje oblikovanja in dostave zdravilnih učinkovin, tako 
v smislu povečanja njihove učinkovitosti in specifičnosti kot tudi toksičnosti, ki danes še 



















Ime:     Petra 
Priimek:    Kocbek 
Rojstni podatki:   19. 1. 1980, Slovenj Gradec 
Naslov stalnega prebivališča: Gaj nad Mariborom 31, 2201 Zg. Kungota  
Elektronski naslov:   petra.kocbek@ffa.uni-lj.si 
      
Izobraževanje 
 
1986 – 1994 osnovna šola Franca Rozmana-Staneta v Mariboru 
1994 – 1998 II. gimnazija Maribor 
junij 1998 maturirala z odliko 
1998 – 2003 univerzitetni študij farmacije na Fakulteti za farmacijo Univerze v 
Ljubljani 
september 2003 diplomirala z odliko 
2003 – 2008 podiplomski znanstveni študij biomedicine, smer farmacija na 
Fakulteti za farmacijo Univerze v Ljubljani 
mlada raziskovalka 
april 2005 opravila strokovni izpit na Ministrstvu za zdravje Republike Slovenije 




1. 10. 2003 UL-Fakulteta za farmacijo, Ljubljana 




Izvirni znanstveni  člankek 
• KOCBEK, Petra, BAUMGARTNER, Saša, KRISTL, Julijana. Preparation and 
evaluation of nanosuspensions for enhancing the dissolution of poorly soluble drugs. 
Int. J. Pharm. 2006, vol. 312, no. 1–2,  str. 179–186.  
• KOCBEK, Petra, OBERMAJER, Nataša, CEGNAR, Mateja, KOS, Janko, KRISTL, 
Julijana. Targeting cancer cells using PLGA nanoparticles surface modified with 
monoclonal antibody. J. Control. Release , 2007, vol. 120, no. 1–2,  str. 18–26.  
• OBERMAJER, Nataša, KOCBEK, Petra, REPNIK, Urška, KUŽNIK, Alenka, CEGNAR, 
Mateja, KRISTL, Julijana, KOS, Janko. Immunonanoparticles - an effective tool to 
impair harmful proteolysis in invasive breast tumor cells. FEBS Journal, 2007, vol. 274, 
no. 17, str. 4416–4427. 
 
Pregledni  znanstveni  članek 
• KOCBEK, Petra, KRISTL, Julijana. Ciljan vnos učinkovin z uporabo lektinov-korak 
naprej v razvoju bioadhezivnih dostavnih sistemov. Farm. Vestn., 2006, vol. 57, no. 2,  
str. 162–168.  
 
Objavljeni strokovni prispevek na konferenci ( vabljeno predavanje)  
• CEGNAR, Mateja, KOCBEK, Petra, KRISTL, Julijana. Pomožne snovi za nano- in 
mikro- dostavne sisteme. V: 18. simpozij Sekcije farmacevtskih tehnologov : nove pomožne 
snovi in novosti pri njihovi uporabi : new excipients and novelties in their application : 
Ljubljana, 8. junija 2006 : zbornik predavanj. Ljubljana: Slovensko farmacevtsko društvo, 
2006, str. 98-109. 
 
Objavljeni znanstveni prispevek na konferenci 
• KOCBEK, Petra, BAUMGARTNER, Saša, KRISTL, Julijana. Formulation and 
characterisation of nanosuspensions with ibuprofen as a model drug. V: 15th 
Dodatek                                                                                                       Petra Kocbek: Doktorska disertacija   
 194
International Symposium on Microencapsulation, september 18-21, 2005, Parma, Italy : 
abstract book. [S.l.: s.n.], 2005, str. 151-152. 
• OBERMAJER, Nataša, KOCBEK, Petra, CEGNAR, Mateja, KRISTL, Julijana, KOS, 
Janko. Targeted delivery of cystatin to tumour cells by CDI-315 MAb-coated PLGA 
nanoparticles. V: 3rd annual meeting, 7-9.11.2006, Copenhagen. CancerDegradome : 
abstract book. [S. l.: s. n.], 2006, f. 55. 
 
Objavljeni povzetek znanstvenega prispevka na konferenci 
• KOCBEK, Petra, OBERMAJER, Nataša, CEGNAR, Mateja, KOS, Janko, KRISTL, 
Julijana. Designing nanoparticles for active targeting. V: 3rd world congress of the Board 
of Pharmaceutical Sciences of FIP (PSWC2007), Amsterdam, the Netherlands, from 22-25 
April 2007 : Optimising Drug Therapy: an imperative for World Health. Amsterdam, 2007, 
1 str. 
• OBERMAJER, Nataša, KOCBEK, Petra, REPNIK, Urška, CEGNAR, Mateja, DOLJAK, 
Bojan, KRISTL, Julijana, KOS, Janko. Targeted delivery of cysteine protease inhibitors 
to tumour cells by anti-cytokeratin coated PLGA nanoparticlesf. V: DOLINAR, Marko 
(ur.), STOKA, Veronika (ur.), TURK, Boris (ur.). From single molecules to degradomics : 
book of abstracts. Ljubljana: Jožef Stefan Institute, 2007, str. 107. 
• OBERMAJER, Nataša, KOCBEK, Petra, CEGNAR, Mateja, KRISTL, Julijana, KOS, 
Janko, LAH TURNŠEK, Tamara. Immuno-nanoparticles: an effective tool to impair 
harmful proteolytic activityin invasive breast tumor cells. V: Proceedings of the 
Annual Meeting of the American Association for Cancer Research, 2007 April 14-18, 
Los Angeles. Proceedings. Los Angeles: American Association for Cancer Research, 
2007, str. 1898. 
• OBERMAJER, Nataša, KOCBEK, Petra, REPNIK, Urška, CEGNAR, Mateja, KRISTL, 
Julijana, KOS, Janko. Immuno-nanoparticles: an effective tool to impair intracellular 
tumour-associated proteolytic activity in invasive breast tumor cells. V: POKLAR 
ULRIH, Nataša (ur.), ABRAM, Veronika (ur.), CIGIĆ, Blaž (ur.). 7. srečanje 
Slovenskega biokemijskega društva z mednarodno udeležbo, 26.-29. september 2007 = 
7th Meeting of the Slovenian Biochemical Society with International Participation, 
Maribor, September 26th to 29th, 2007. Zbornik povzetkov. Ljubljana: Slovensko 
biokemijsko društvo: = Slovenian Biochemical Society, 2007, str. 57. 
Petra Kocbek: Doktorska disertacija                                                                                                       Dodatek 
 195 
• CEGNAR, Mateja, KOCBEK, Petra, OBERMAJER, Nataša, KOS, Janko, KRISTL, 
Julijana. Immunoparticles for targeting and delivery of proten drugs into tumour cells. 
V: 10th European Symposium on Controlled Drug Delivery : April 2-4, 2008, Noordwijk aan 
Zee, the Netherlands : abstract book. [S. l.: s. n.], 2008, str. 224-226. 
 
Objavljeni povzetek znanstvenega prispevka na konferenci 
• KOCBEK, Petra. Vpliv tehnoloških parametrov na nastanek in lastnosti nanosuspenzij 
= Influence of technological parameters on formation and properties of 
nanosuspensions. V: VITEZIĆ, Natalija (ur.). 14. mednarodni simpozij = 14th 
International Symposium, Novo mesto, Slovenija, 28. in 29. oktober 2004. 34. Krkine 
nagrade : 14. mednarodni simpozij = 14th International Symposium, Novo mesto, Slovenija 
28.-29. oktober 2004. Novo mesto: Krka, [2004], str. 67. 
